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Preface
The publications presented in this dissertation have been part of research work carried
out at Michigan Technological University, during my PhD in the period of 2011-2014.
Liquid water transport through gas diﬀusion layer (GDL) and within the gas ﬂow
channels of proton exchange membrane (PEM) fuel cells have been studied.
Chapter 2 presents GDL microstructural properties that have been obtained by ana-
lyzing SEM images of GDL samples. The microstructural properties that have been
obtained in this chapter are used throughout this dissertation. The contents of this
chapter has been published by ASME Journal of Fuel Cell Science and Technology
with the copyright permission being provided at appendix. The contributions of the
ﬁrst author (Mehdi Mortazavi) to this article include taking SEM images, analyzing
the images with a MATLAB code, analyzing and organizing results, and writing the
paper. The contributions of the second author of this article (Kazuya Tajiri) were
supervising the progress of the study and proof-reading the article.
Chapter 3 presents liquid water transport though GDL. Liquid water breakthrough
pressure has been measured for GDLs with diﬀerent conditions. The contents of
this chapter has been published by International Journal of Hydrogen Energy with
the copyright permission being provided at appendix. The contributions of the ﬁrst
author (Mehdi Mortazavi) to this paper include designing and fabricating the exper-
imental setup, running experiments, gathering data, analyzing data, and writing the
paper. The contributions of the second author of this paper (Kazuya Tajiri) include
supervising the progress of the study and proof-reading the article.
Chapter 4 studies the eﬀect of PTFE content within the GDL on liquid water removal
from the surface of the GDL. Air and hydrogen were supplied within gas ﬂow channel
of an ex-situ PEM fuel cell setup. The contents of this chapter has been published by
xv
Journal of Power Sources with the copyright permission being provided at appendix.
The contributions of the ﬁrst author of this article (Mehdi Mortazavi) include de-
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Abstract
Proton exchange membrane (PEM) fuel cell has been known as a promising power
source for diﬀerent applications such as automotive, residential and stationary. Dur-
ing the operation of a PEM fuel cell, hydrogen is oxidized in anode and oxygen is
reduced in the cathode to produce the intended power. Water and heat are inevitable
byproducts of these reactions. The water produced in the cathode should be properly
removed from inside the cell. Otherwise, it may block the path of reactants pass-
ing through the gas channels and/or gas diﬀusion layer (GDL). This deteriorates the
performance of the cell and eventually can cease the operation of the cell.
Water transport in PEM fuel cell has been the subject of this PhD study. Water
transport on the surface of the GDL, through the gas ﬂow channels, and through
GDL has been studied in details. For water transport on the surface of the GDL,
droplet detachment has been measured for diﬀerent GDL conditions and for anode
and cathode gas ﬂow channels. Water transport through gas ﬂow channels has been
investigated by measuring the two-phase ﬂow pressure drop along the gas ﬂow chan-
nels. As accumulated liquid water within gas ﬂow channels resists the gas ﬂow, the
pressure drop increases along the ﬂow channels. The two-phase ﬂow pressure drop
can reveal useful information about the amount of liquid water accumulated within
gas ﬂow channels. Liquid water transport though GDL has also been investigated
by measuring the liquid water breakthrough pressure for the region between the cap-
illary ﬁngering and the stable displacement on the drainage phase diagram. The
breakthrough pressure has been measured for diﬀerent variables such as GDL thick-
ness, PTFE/Naﬁon content within the GDL, GDL compression, the inclusion of a
micro-porous layer (MPL), and diﬀerent water ﬂow rates through the GDL. Prior
to all these studies, GDL microstructural properties have been studied. GDL mi-
xvii
crostructural properties such as mean pore diameter, pore diameter distribution, and
pore roundness distribution have been investigated by analyzing SEM images of GDL
samples.
Keyword: Water transport, gas diﬀusion layer, PEM ﬂow channels, two-
phase ﬂow
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Chapter 1
Introduction
Proton exchange membrane (PEM) fuel cell has been known as a promising power
source for automotive, residential and stationary applications. While their eﬃciency
is high, they can operate at high volumetric power density without emitting any
greenhouse gases. As a PEM fuel cell operates, oxygen is reduced in the cathode and
hydrogen is oxidized in the anode. The oxygen reduction reaction is accompanied
by water production within the cathode. Some portion of the produced water may
hydrate the membrane and improve its proton conductivity. This eventually can
increase the performance of the cell. Some other portion of this produced water may
transport into the anode by back diﬀusion. It is also probable that some fraction of
the produced water evaporates into the gas channel. However, any excess amount of
liquid water may ﬁll open pores in the gas diﬀusion layer (GDL). As the water amount
within the GDL increases, it can ultimately saturate the GDL. GDL saturation blocks
the transport of reactants to the catalyst layer and is referred to as ﬂooding. Flooding
is reported to signiﬁcantly decrease the performance of the cell. Water transport
phenomena for the application of PEM fuel cell has been the subject of the author’s
PhD study. Speciﬁcally, water transport through the GDL, water transport in the
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gas channels, and two-phase ﬂow pressure drop within the gas channels have been
studied. Prior to these studies, GDL microstructural properties have been studied by
analyzing SEM images taken from GDLs.
GDL is a macro-porous layer that is used for diﬀerent purposes. It can provide a
uniform transport of reactants to the catalyst layer, removes excess water from the
membrane by providing pathways of water to the gas channel, mechanically protects
the fragile membrane, and provides electrical conductivity between the electrodes
and the current collectors. GDL microstructural properties are studied by analyzing
SEM images of GDLs. The results obtained from this study is utilized throughout
this dissertation. Acquiring a proper knowledge about water transport phenomena
for the application of PEM fuel cell demands a detailed investigation about GDL
microstructural properties. Properties such as mean pore diameter and pore diameter
distribution of Toray carbon papers are investigated in Chapter 2 of this dissertation.
In Chapter 3 of this dissertation, water transport though GDL is studied. Diﬀerent
models that previously have been proposed to describe water transport through GDL
are introduced and discussed in this chapter. Liquid water breakthrough pressure
has been measured for Toray carbon papers with diﬀerent properties. The eﬀect
of adding micro-porous layer (MPL) to GDL has also been studied in this chapter.
The microstructural properties reported in Chapter 2 have been utilized for further
discussion in Chapter 3.
In Chapter 4 water transport on the surface of the GDL and within gas ﬂow chan-
nels has been studied. Generally, liquid water transport through PEM fuel cell ﬂow
channels can occur in diﬀerent patterns, dependin on the water production rate and
gas ﬂow rate within the channel. When the water production rate is low and gas
ﬂows in a low rate, water can spread over hydrophilic channels and drain via channel
corners. This pattern is known as the corner ﬂow. For moderate water production
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rate, the corner ﬂow is not capable of removing liquid water with a comparable rate.
Therefore the corner ﬂow may change into annular ﬁlm ﬂow. The instability of thick
water ﬁlms may turn the annular ﬁlm ﬂow into slug ﬂow which eventually clogs the
channel and shuts oﬀ the cell. For high gas ﬂow rate, the gas shear force may detach
water droplets from the surface of the GDL.
In Chapter 5 a comprehensive review about the topic of two-phase ﬂow in PEM
fuel cell ﬂow channels is provided. The literature review includes the two-phase
ﬂow pressure drop models that have been proposed over the years and for diﬀerent
engineering applications.
In Chapter 6 the two-phase ﬂow pressure drop have been measure in an ex-situ PEM
fuel cell ﬂow channel. Two parallel ﬂow channels have been used with pressure drop
measurements reading from one channel. The results are compared with diﬀerent
models that have been discussed in Chapter 5.
In Chapter 7, a high accuracy pressure transducer is synchronized with a high speed
camera to record the two-phase ﬂow pressure drop and the image of a growing droplet
simultaneously.
3
Chapter 2
In-Plane Microstructure of Gas
Diﬀusion Layers With Diﬀerent
Properties for PEFC
1
2.1 Abstract
Gas diﬀusion layer (GDL) is undoubtedly one of the most complicated components
used in a polymer electrolyte fuel cell (PEFC) in terms of liquid and gas transport
phenomena. An appropriate fuel cell design seeks a fundamental study of this tor-
tuous porous component. Currently, porosity and gas permeability have been known
as some of the key parameters aﬀecting liquid and gas transport through GDL. Al-
though these are dominant parameters deﬁning mass transport through porous layers,
there are still many other factors aﬀecting transport phenomena as well as overall cell
1The contents of this chapter has been published by Journal of Fuel Cell Science and Technology,
2014, Vol. 11, 021002-1021002-9
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performance. In this work, microstructural properties of Toray carbon papers with
diﬀerent thicknesses and for polytetraﬂuoroethylene (PTFE) treated and untreated
cases have been studied based on scanning electron microscopy (SEM) image analysis.
Water droplet contact angle as a dominant macro-scale property as well as mean pore
diameter, pore diameter distribution, and pore roundness distribution as important
micro-scale properties have been studied. It was observed that the mean pore diam-
eter of Toray carbon paper does not change with its thickness and PTFE content.
Mean pore diameter for Toray carbon papers was calculated to be around 26μm re-
gardless of their thicknesses and PTFE content. It was also observed that droplet
contact angle on GDL surface does not vary with GDL thickness. The average contact
angle for 10 wt.% PTFE treated GDLs of diﬀerent thicknesses was measured about
150◦. Finally, the heterogeneous in-plane PTFE distribution on the GDL surface was
observed to have no eﬀect on mean pore diameter of GDLs.
2.2 Introduction
Although Polymer electrolyte fuel cell (PEFC) has gained lots of consideration as a
clean type of energy system, there are still some technical challenges needed to be
solved before this type of energy system can be commercially released. Among these
challenges, one can refer to water management in PEFC. During the operation of a
PEFC, oxygen is reduced in the cathode and is accompanied by water production.
Some amount of this produced water may ﬁll open pores of gas diﬀusion layer (GDL).
GDL is macro-porous layer with multifunction purposes such as providing a uniform
transport of reactants to the catalyst layer, removing excess water from the mem-
brane by providing pathways of water to the gas channel, mechanically protecting
the membrane as a fragile thin layer, and providing electrical conductivity between
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the electrodes and the current collectors. An appropriate design of GDL has been
reported to have a signiﬁcant contribution on proper water balance within the cell
(21–24).
For a continues transport of reactants to the catalyst layer and transport of excess
water to the gas channel, GDL pores should be free from accumulated liquid water.
Excess water accumulated within the GDL pores and gas ﬂow channels blocks reac-
tants ﬂow to catalyst layer and ﬁnally results in oxidant starvation and performance
loss. Liquid water accumulated within the GDL pores, emerges from the GDL surface
in form of droplet.
Liquid water transport mechanism on GDL surface is a function of superﬁcial gas
velocity, deﬁned as the bulk velocity of gas ﬂowing within the channel cross sectional
area, and droplet emergence rate (5). While for high superﬁcial gas velocities the
drag force from shear gas ﬂow can easily detach water droplet from the GDL surface,
moderate or low superﬁcial gas velocity is not capable of detaching the droplet directly
from the GDL surface. Instead, droplet grows in size until it touches the gas channel
walls and spreads over them. In such cases, capillary ﬂow drains liquid water through
the corners, forming annular ﬁlm ﬂow. For high liquid water production rate and/or
low superﬁcial gas velocity, water ﬁlm will not be drained properly and the channel
will be clogged as the liquid ﬁlm grows.
Water transport mechanisms within the GDL are quite diﬀerent from liquid water
transport on GDL surface and can be categorized into diﬀusion, pressure driven hy-
draulic permeation and evaporation (25). Liquid water behavior on GDL surface can
be studied by simple optical visualization techniques (5, 26–29) while water behavior
within the GDL cannot be monitored easily. Some of the techniques used for studying
water behavior within the GDL are X-ray and neutron radiography (30) since both
X-ray and neutron beams are capable of penetrating through the GDL. However each
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of these techniques has their own drawbacks. For instance, expensive hardware of
neutron imaging requires challenging calibration to ensure a reliable data acquisition
(31).
It is a common practice to treat GDLs with some hydrophobic media such as polyte-
traﬂuoroethylene (PTFE) to enhance gas transport as well as liquid water transport
through the pores when the cell is operating at ﬂooding condition (32). Park et al.
(33) tested GDLs with diﬀerent amount of PTFE and obtained I-V curves of a single
cell working at diﬀerent level of relative humidities. They concluded that among dif-
ferent water transport mechanisms within the GDL, evaporation and shear force are
more dominant than capillary force and attributed that to relatively large pore diam-
eters of GDLs compared to microporous layer and catalyst layer. Pasaogullari and
Wang (34) used one-dimensional analytical solution and concluded that liquid water
transport within the GDL is controlled by capillary forces arising from the gradient
in phase saturation. Nam and Kaviany (35) studied water transport within the GDL
by developing a capillary pressure model and hypothesized that water is distributed
as an "upside-down tree" capillary network. Litster et al. (36) followed a ﬂuorescence
microscopy technique and visualized liquid water transport in GDL. They suggested
that water transport within the GDL is mostly dominated by ﬁngering and channel-
ing in such a way that as a breakthrough path within the GDL forms, liquid water
existing in other pathes recede back and ﬁnd their way through the newly formed
breakthrough path. The hereby illustrated literature review highlights diﬀerent and
sometimes opposite hypothesises made regarding liquid water transport through the
GDL.
Water transport through and on the surface of GDL can be characterized by two
independent parameters of GDL microstructure and pore surface wettability (23).
GDL pore diameter, for instance, was known to directly aﬀect the water vapor pres-
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sure at which condensation occurs according to Kelvin equation (37) and for a vapor
pressures below saturation pressure, water vapor starts condensing in a pore smaller
than critical pore diameter (21). In this article, GDL microstructure has been stud-
ied by processing SEM images taken from untreated and treated GDLs with diﬀerent
thicknesses. SEM images of Toray carbon papers with diﬀerent thicknesses have been
analyzed to obtain microstructural properties such as mean pore diameter, pore di-
ameter distribution, and pore roundness. Since all of the GDLs used in this study
have the same production procedure, it is expected to obtain similar microstructure
for all the samples used. Air permeability, on the other hand, is a property that can
be used for comparing microstructure of porous materials (3). Very close air perme-
ability of the GDL samples used in this study as listed in Table 1 can be an indication
of similar microstructure of Toray carbon papers of diﬀerent thicknesses (3).
2.3 Experimental
Toray carbon papers with diﬀerent thicknesses were used as GDL in this study. GDLs
with manufacturer speciﬁed thicknesses of 110μm, 190μm, 280μm, and 370μm have
been used. For each thickness, untreated and 10 wt.% PTFE treated papers were
tested for microstructural analysis. For PTFE treating the GDL samples, Toray
carbon papers were loaded with PTFE based on the procedure given in (38). This
procedure is described as follows. The substrates were ﬁrst dipped in PTFE emulsion
(60 wt.% dispersion in H2O, ALDRICH) for ten hours and then they were put in
furnace at 120◦C for one hour to make them dry. In order to make a uniform distri-
bution of the PTFE within the GDL substrates, they were sintered at 360◦C for one
hour. Static contact angles of liquid water droplet on GDL samples with diﬀerent
PTFE contents were measured using a house-made setup designed and made specif-
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ically for this purpose (39) with procedure and theory given in (40). Ten droplets
with diameters within the range of 1mm− 3mm were dropped on GDL surfaces and
mean contact angles were considered. Table 1 lists measured and calculated phys-
ical properties of the samples used in this study. GDL thicknesses were measured
using an electronic micrometer (Mitsutoyo, Japan). The measured thicknesses were
slightly diﬀerent from the thicknesses speciﬁed by the manufacturer. However, the
manufacturer speciﬁed thicknesses are used for the remainder of the paper.
The surface morphology of GDL samples were scanned using a JEOL JSM-6400LV
scanning electron microscope (SEM) at 20keV and 250× magniﬁcation. For each
sample, three random locations were chosen and images were obtained. SEM images
were analyzed for mean pore diameter, pore diameter distribution, and pore roundness
distribution based on the procedure introduced in (41). A MATLAB code was used
for analyzing SEM raw images with ﬁrst applying median ﬁltering (42) to smoothen
out high frequency noise. The ﬁltered images were then segmented processed (43)
by thresholding based on Otsu method (44) in order to convert the gray level images
into binary black and white images. Thus, all carbon ﬁbers became black and empty
pores of GDL became white. Finally, the black and white images were gap ﬁlled to
remove small gaps in the ﬁbers and the pores. In order to make gap ﬁlling step more
accurate, pore diameters less than 5μm were ﬁltered out in our analysis. Figure 1
shows the four steps of image processing used in this study.
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Table 2.1: Properties of GDLs used in this study
Toray Manufacturer Manufacturer Bulk Fiber Air Areal PTFE
Carbon Speciﬁed Speciﬁed Density Diameter Permeability Mass Concentration
Paper Type GDL Thickness (μm) Porosity g cm−3 μm (m2) (mg cm−2) in Emulsion (wt.%)
TGP-030 110 80% - - - 4.7 10.4 wt.%
TGP-060 190 76% (78% (3, 45)) 0.44 (3) - - 8.6 10.3 wt.%
TGP-090 280 78% (80% (46)) 0.45 (3) 9.2 (46) 8.9× 10−12 (46) 12.6 10.5 wt.%
TGP-120 370 78% 0.45 (3) - 8.7× 10−12 (27) 16.5 10.4 wt.%
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(a) Raw SEM image (b) Filtered image
(c) Binary black and white image (d) Gap ﬁlled black and white image
Figure 2.1: SEM Image processing steps
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2.4 Results and discussion
SEM images were processed for microstructural analysis. Analysis includes mean
pore diameter, pore diameter distribution and pore roundness distribution for diﬀer-
ent GDL samples used. Other than conducting a case by case comparison for GDLs of
diﬀerent thicknesses and for treated and untreated sample, pore diameter distribution
for one untreated GDL sample (TGP_120) and at three diﬀerent locations was also
obtained as will be discussed in “In-Plane Pore Distribution” section. These distribu-
tion plots may be used to deﬁne the order of anisotropicity of GDLs in future studies
but no quantitative analysis were done on them in this study. Finally, as mentioned
in EXPERIMENTAL section, SEM images were processed based on Otsu method for
threshold setting. In order to examine the validity of the results obtained based on
this approach, the eﬀect of threshold setting on mean pore diameter was also studied.
Before all these microstructural analysis, liquid water droplet contact angle on GDLs
were measured. Contact angle is a macro-scale property that represents the wetting
ability of a solid surface by liquid. It is a function of interfacial energy along the
three phase boundary. Measured contact angles can help illuminating the variation
of GDL surface energy for diﬀerent PTFE content within the GDL.
2.4.1 Contact Angle
Droplet contact angle describes solid surface interfacial tensions based on the Young’s
mechanical equilibrium relation. Liquid droplet contact angle on a solid surface like
GDL introduces mechanical equilibrium of the droplet under the inﬂuence of three
phase interfacial tensions (47). Furthermore, droplet contact angle on GDL surface
is one of the most important parameters in water management with application in
PEFC since it directly aﬀects some major properties with dominant eﬀects on liquid
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water transport within and on GDL surface. Surface adhesion force (given in Eqn.
2.1), drag force from shear gas ﬂow in gas channel (given in Eqn. 2.2), the capillary
pressure and even droplet shape on GDL surface are some properties contact angle
directly aﬀects. Surface adhesion force keeps the droplet on GDL surface:
Fs = 2σlvdd sin
2 θ sin(Δθ) (2.1)
where σlv is the surface tension between liquid and vapor, dd is the diameter of a
droplet upon detachment, θ is the contact angle and Δθ is the diﬀerence between
advancing and receding contact angle (5). Drag force tries to detach the droplet
from the GDL surface:
FD =
1
2
ρCDAPV
2 (2.2)
where ρ is the density of the gas ﬂowing in the gas channel, CD is the drag coeﬃcient,
AP is the droplet projected area perpendicular to the gas ﬂow and V is the superﬁcial
gas velocity.
Static contact angles measured in this study for each GDL sample is shown in Figure
2. Error bars shown represent the standard deviation calculated for each contact angle
data point. It can be observed that droplet contact angle signiﬁcantly changes from
an untreated to a treated GDL surface while adding more amount of PTFE does not
make any change on the contact angle. Furthermore, it seems that the GDL thickness
does not aﬀect the droplet contact angle. As Whitesides and Laibinis (48) reported,
droplet behavior on GDL surface is mostly controlled by the wetting characteristics
of the top few monolayers of the surface. That is why the thickness of the GDL shows
no contribution to the droplet contact angle. Table 2 lists the mean contact angle
measured for ten droplets being dropped on GDLs as well as the standard deviation
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calculated. For each GDL thickness, droplet contact angles on untreated GDL and
treated GDLs with diﬀerent amount of PTFE are shown. It can be concluded from
Table 2 and Figure 2 that the average contact angle droplets make is about 150◦
on treated GDLs no matter the PTFE content and as mentioned earlier, the GDL
thickness has no eﬀect on this contact angle. Similar contact angle on GDLs with
diﬀerent PTFE contents has been observed and reported by other groups such as
Fairweather et al. (49) and Benziger et al. (2). It also lead us to draw a conclusion
that PTFE particles mostly penetrate through the GDL and agglomerate within the
GDL rather than sitting on its surface.
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Figure 2.2: Droplet contact angle on treated and untreated GDLs
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Table 2.2: Contact angle measured for GDLs with diﬀerent thicknesses
GDL Type Contact Angle (◦) Contact Angle (◦) Contact Angle(◦) Contact Angle(◦) Contact Angle(◦)
(Untreated GDL) (PTFE content level #1) (PTFE content level #2) (PTFE content level #3) (PTFE content level #4)
TGP-030 142.0◦ ± 3.1◦ 153.9◦ ± 2.4◦ (10 wt.%) 150.9◦ ± 1.7◦ (25 wt.%) 150.2◦ ± 4.3◦ (37 wt.%) 147.8◦ ± 2.5◦ (50 wt.%)
TGP-060 129.7◦ ± 8.8◦ 153.7◦ ± 2◦ (10 wt.%) 152.8◦ ± 3◦ (25 wt.%) 151.7◦ ± 3◦ (35 wt.%) 153.5◦ ± 2◦ (55 wt.%)
TGP-090 137.4◦ ± 4.3◦ 156.4◦ ± 1.5◦ (10 wt.%) 153.6◦ ± 2◦ (15 wt.%) 149◦ ± 2◦ (35 wt.%) 154.9◦ ± 1.5◦ (45 wt.%)
TGP-120 141.3◦ ± 5.0◦ 151.2◦ ± 2.9◦ (10 wt.%) 151.4◦ ± 3.7◦ (15 wt.%) 151.9◦ ± 2.4◦ (30 wt.%) NA
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2.4.2 Mean Pore Diameter
GDLs mean pore diameters were obtained by analyzing SEM images based on the
procedure introduced by Parikh et al. (41). For each GDL case, ﬁve SEM images
were obtained with scan size of 507μm×356μm deﬁned by ImageJ software developed
by National Institute of Health. The overall mean pore diameter was calculated by
averaging mean pore diameters obtained for each SEM image. GDL pore diameter is
characterized by equivalent pore diameter, EPD, given by Eqn. 2.3:
EPD = 2
√
A/π (2.3)
where A is the area of the pore (50).
GDL pore size is one of the most important parameters in liquid water transport from
catalyst layer, where water is produced as one of the byproducts of electrochemical
reaction, to gas channel, where it can be drained either by detachment caused by
shear gas ﬂow or corner ﬂow across the edges of the gas channels (5). Liquid water
passes through the GDL pores when its pressure exceeds the capillary pressure, and
for a continuous ﬂow, its pressure should remain higher than the capillary pressure
(35). Capillary pressure is deﬁned as the diﬀerence between the pressure of liquid
and gas phase at equilibrium (Pc = Pl − Pg) and is a function of mean curvature of
water-air interface, contact angle and surface energy:
Pc =
2σwater cos θ
rpore
(2.4)
where σwater is interfacial surface tension, θ is the contact angle and rpore is the pore
radius. The smaller the pore radius, the greater the capillary pressure liquid water
should overcome to be able to pass through the GDL. Tamayol and Bahrami (3)
modeled GDL as a network of pores connected by throats. Based on their model, it is
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assumed that air and liquid water are stored in the pores and the the volume occupied
by throats is negligible. Only throats resist liquid water transport and pores do not
make any resistance to the ﬂow (51). It was reported that the capillary pressure
increases with Toray carbon paper thickness (3). Based on the model argued in (3),
as the thickness of the GDL increases, the number of layers forming the GDL also
increases. This directly increases the breakthrough pressure of the liquid water. Table
3 lists the mean pore diameter calculated for GDLs of diﬀerent thicknesses. Based on
the results obtained by this approach, GDL mean pore diameter is not changing with
GDL thickness and even the mean pore diameter for untreated and treated GDLs are
the same. The mean pore diameter obtained for all GDLs is about 26μm which is in
well agreement with the mean pore diameter reported by Parikh et al. (41) for Toray
carbon paper. The mean pore size given in (27, 52) is within the range of 30− 40μm
that is again in agreement with the results obtained in this work.
Table 2.3: Mean pore diameter of GDLs with diﬀerent thicknesses
Toray Carbon GDL Thickness Untreated GDL Mean 10 wt.% Treated GDL
Paper Type (μm) Pore Diameter (μm) Mean Pore Diameter (μm)
TGP-030 110 25.23± 0.47 25.46± 0.86
TGP-060 190 25.95± 0.66 26.94± 2.27
TGP-090 280 27.68± 1.05 26.49± 3
TGP-120 370 25.45± 0.22 NA
Considering average pore diameter of 26μm, average contact angle of 150◦ and water
surface tension of 0.072Nm−1, the capillary pressure will be calculated at 9.5kPa
based on Eqn. 2.4. This pressure is almost twice as much as the breakthrough
pressure reported in (53). The reason behind is that for a mean pore diameter of
26μm, there are some pores with larger diameter in the GDLs that result in lower
capillary pressure, and as Bazylak et al. (54) had reported, liquid water chooses the
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path of least resistance through the GDL and emerge from the surface of the GDL
in the form of droplet. Further discussion about pore diameter distribution will be
given in next section. Figure 3 shows the calculated mean pore diameter as a function
of GDL thickness both for treated and untreated GDL. As mentioned earlier, mean
pore diameter does not change neither with GDL thickness nor with PTFE content
within the GDL. PTFE particles are within the range of 50 − 500nm (55) that is
much smaller than the mean pore diameter.
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Figure 2.3: GDL mean pore size as a function of its thickness
Figure 2.3 and Table 2.3 also show higher standard deviation of mean pore diameter
for treated GDLs compared to untreated ones. SEM images of treated GDL surface
are shown in Figure 4. As shown on the Figure 4, the white areas between carbon
ﬁbers are PTFE emulsion dried on the surface of the GDL. Figure 4 shows even for
the same GDL sample PTFE is not uniformly distributed and there can be some
areas with higher PTFE content (Figure 4b) and some areas with lower PTFE con-
tent (Figure 4d). Other than uneven PTFE distribution in the plane of the GDL,
Figure 4 shows PTFE emulsion mostly covers top layers of the GDL and it seems
from the ﬁgure that PTFE hardly penetrates into the GDL. Same observation has
been reported by Lim and Wang (56) when they took SEM images of carbon papers
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treated with ﬂuorinated ethylene propylene (FEP). However, this observation is in
discrepancy with the conclusion drawn from contact angle measurement. PTFE dis-
tribution through the GDL will be further studied by the authors. Rofaiel et al. (55)
had measured heterogeneous through-plane PTFE distribution in carbon papers by
using SEM energy dispersive X-ray spectrometry (EDS) and detected larger concen-
tration of ﬂuorine (as PTFE’s high concentration element) along the surface ﬁbers
and less ﬂuorine in the central region of the GDL. Fishman et al. (57) measured
through-plane porosity distribution of GDLs and concluded that PTFE accumulates
at local minima near the surface of the paper GDLs. The SEM images taken for this
study, however, cannot be used for PTFE through-plane distribution analysis.
2.4.3 Pore Diameter Distribution
Pore diameter distributions were obtained from the MATLAB code and are shown
in Figure 5 for each GDL sample. It can be concluded that for both treated and
untreated GDLs, the majority of pores have diameters of less than 20μm. However,
the existence of larger pores mitigate liquid water transport through the GDL by
lowering the capillary pressure required for intrusion. Furthermore, pore diameter
distributions show the thinnest GDL (TGP_030) has more number of pores compared
to other two GDLs. This can be interpreted as the thinnest GDL is more porous
compared to other samples. This result is in well agreement with the manufacturer
speciﬁed porosity values given in Table 1 although the diﬀerence is minor. Pore size
distribution could also be obtained by using mercury intrusion porosimetery (MIP)
(45, 58). In such technique, mercury as a non-wetting ﬂuid on most surfaces is
penetrated into the pores of GDL by applying pressure. The pressure applied is a
function of pore diameter. Williams et al. (21) used this approach and obtained pore
size distribution for E-TEK carbon paper, E-TEK carbon cloth and SGL carbon
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(a) Scan area 1 (b) Scan area 2
(c) Scan area 3 (d) Scan area 4
Figure 2.4: SEM image of diﬀerent locations on a treated GDL sample
paper.
2.4.4 In-Plane Variation of Pore Diameter Distribution
Pore diameter distribution for one GDL and at three random locations on its surface
is also studied in this work. Figure 6 shows the pore diameter distribution for three
diﬀerent locations on the untreated thickest GDL (TGP_120). Although the mean
pore calculated for all three cases is about 25μm, the number of pores detected within
each range of diameters are diﬀerent. Again, it can be observed that the majority of
pores detected have diameters of less than 20μm while there are larger pores detected
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(a) Untreated GDL, TGP_030, (110μm) (b) Treated GDL, TGP_030, (110μm)
(c) Unreated GDL, TGP_060, (190μm) (d) Treated GDL, TGP_060, (190μm)
(e) Unreated GDL, TGP_090, (280μm) (f) Treated GDL, TGP_090, (280μm)
Figure 2.5: Pore diameter distribution for GDLs of diﬀerent thicknesses
in all thee locations.
2.4.5 Pore Roundness Distribution
Pore roundness, S, is a property that describes the shape of the pores and is deﬁned
by Eqn. 2.5:
S = 4πA/P 2 (2.5)
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(a) location 1, mean pore diameter 25.3μm
(b) location 2, mean pore diameter 25.7μm
(c) location 3, mean pore diameter 25.35μm
Figure 2.6: Pore diameter distribution for three random locations on untreated
TGP_120
where A is the pore area and P is the perimeter of the pore. For a perfect circle, pore
roundness is 1 and as the roundness of the shape decreases, this value also decrease.
Pore roundness distribution of GDLs with diﬀerent thicknesses are given in Figure
7. In general, no speciﬁc trend can be detected based on these histograms. It may
be concluded that Toray carbon paper pores are mostly in random shape and don’t
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follow any speciﬁc trend of a shape.
(a) Untreated GDL, TGP_030, (110μm) (b) Treated GDL, TGP_030, (110μm)
(c) Unreated GDL, TGP_060, (190μm) (d) Treated GDL, TGP_060, (190μm)
(e) Unreated GDL, TGP_090, (280μm) (f) Treated GDL, TGP_090, (280μm)
Figure 2.7: Pore roundness distribution of GDLs
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2.4.6 Eﬀect of Threshold on Mean Pore Diameter
The MATLAB code processes the SEM images by converting gray level images into
binary based on Otsu method. Threshold changes the degree of black and white
objects in the image and can change the results obtained from images. In this section
the eﬀect of threshold setting on the mean pore diameter is studied. Figure 8 shows
the variation of mean pore diameter as a function of threshold for TGP_060 GDL.
The threshold deﬁned based on Otsu method for this image was 0.3875. MATLAB
code was ran to obtain the mean pore diameter for diﬀerent thresholds starting from
0.35 with steps of 0.0125. Figure 8 shows negligible variation of mean pore diameter
for diﬀerent threshold settings. This strengthens the validity of the results obtained
based on this approach.
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Figure 2.8: The variation of calculated mean pore diameter as a function of threshold
for TGP_060
2.5 Conclusion
GDL microstructural surface properties for diﬀerent GDL thicknesses and for PTFE
treated and untreated cases have been studied based on SEM images obtained. Con-
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sequent steps of image processing have been taken and SEM images were analyzed for
mean pore diameter, pore diameter distribution and pore roundness as microstruc-
tural properties of the GDL. Droplet static contact angle on GDLs, as a macroscale
surface property, has been measured using a setup made for this purpose. The fol-
lowing conclusions can be drawn from this study:
1. GDL thickness was observed to have no eﬀect on droplet contact angle.
2. While droplet contact angles signiﬁcantly increased from an untreated GDL to
a PTFE treated one, the amount of PTFE content in GDL was observed to
have no impact on the contact angles measured.
3. GDL mean pore diameter does not change with its thickness. Furthermore,
mean pore diameter was observed to be the same for untreated and treated
GDLs. Using SEM image, the mean pore diameter was analyzed to be around
26μm for treated and untreated Toray carbon papers of diﬀerent thicknesses
used.
4. The standard deviation of the mean pore diameter calculated for untreated
GDLs were smaller than for untreated GDLs.
5. The PTFE loading approach taken in this study resulted in an uneven PTFE
distribution on GDL surface (in-plane).
6. Threshold value in the range of the threshold deﬁned by Otsu method was
observed to have negligible eﬀect on mean pore diameter.
7. Pore diameter distribution plots indicate that the majority of pores fall within
less than 20μm pore diameter.
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8. Pore roundness distribution plots suggest a non attributable shape of Toray
carbon paper pores.
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Chapter 3
Liquid water breakthrough pressure
through gas diﬀusion layer of proton
exchange membrane fuel cell
1
3.1 abstract
The dynamic behavior of liquid water transport through the gas diﬀusion layer (GDL)
of the proton exchange membrane fuel cell is studied with an ex-situ approach. The
liquid water breakthrough pressure is measured in the region between the capillary
ﬁngering and the stable displacement on the drainage phase diagram. The variables
studied are GDL thickness, PTFE/Naﬁon content within the GDL, GDL compression,
the inclusion of a micro-porous layer (MPL), and diﬀerent water ﬂow rates through
the GDL. The liquid water breakthrough pressure is observed to increase with GDL
1The contents of this chapter has been published by International Journal of Hydrogen Energy,
2014, Vol. 39, 9409-9419
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thickness, GDL compression, and inclusion of the MPL. Furthermore, it has been
observed that applying some amount of PTFE to an untreated GDL increases the
breakthrough pressure but increasing the amount of PTFE content within the GDL
shows minimal impact on the breakthrough pressure.
3.2 Introduction
Proton exchange membrane (PEM) fuel cells have gained much attention over the
last few decades as a promising power source for automotive, portable, and stationary
applications (59). As a PEM fuel cell operates, hydrogen is oxidized in the anode and
oxygen is reduced in the cathode to produce electricity, the intended product, with
water and heat as byproducts. While some amount of the produced water can enhance
the performance of the cell by hydrating its membrane, an excess amount of liquid
water can threaten a continuous performance of the cell by ﬁlling the open pores of
the gas diﬀusion layer (GDL). The GDL serves diﬀerent roles in a PEM fuel cell. It
enhances electrical contacts between the catalyst layer and the bipolar plate, supports
the thin and fragile electrolyte membrane from mechanical damage, diﬀuses reactants
over the catalyst layer, and facilitates water transport from the catalyst layer to the
gas channel. Saturation of the GDL pores with liquid water is referred to as GDL
ﬂooding. GDL ﬂooding blocks the transport of the reactants to the catalyst layer and
lowers the performance of the cell by causing reactant starvation. The accumulation
of excess water within the gas channel can also deteriorate the performance of the cell
by narrowing the ﬂow cross sectional area within the ﬂow channel. This phenomenon
is referred to as gas channel ﬂooding and similar to GDL ﬂooding, it can substantially
deteriorate the performance of the cell. A steady performance of the cell relies on an
appropriate balance between the water produced and water removed from the catalyst
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layer. This can be achieved by acquiring an accurate insight into the water transport
phenomena across the electrode and GDL. Some studies reviewed water transport in
PEM fuel cell and its balance within the membrane (24, 25). Water transport on
the surface of the GDL has been previously studied by many researchers, including
Mortazavi and Tajiri (60). The current work focuses on the liquid water transport
through the porous GDL.
Water transport through the porous media in fuel cells has been studied in some
works. Diﬀerent models have been proposed to describe the microscale liquid water
transport through the GDL and micro-porous layer (MPL). Nam and Kaviany (35)
studied the distribution of condensed water within the GDL and suggested that the
liquid water transports from the catalyst layer to the gas channel in a branching-type
geometry. According to their model, water transports through the GDL via capillary
motion in a large main stream that is extended from the catalyst layer to the gas
channel. The main water path is fed by smaller streams of liquid water that trans-
port condensed micro-droplets to macro-droplets. This model has been conﬁrmed by
Pasaogullari and Wang (34) when they took a one-dimensional analytical solution of
water transport phenomena within the GDL. Park et al. (33) argued that liquid shear
force and water evaporation are the dominant driving forces that transport liquid wa-
ter within the GDL. Litster et al. (36) suggested that the water transport through
the GDL occurs by ﬁngering and channeling. According to their hypothesis, water
recedes when a dead end occurs and ﬂows into adjacent breakthrough channels.
Similar to the GDL, water transport through the MPL has been speculated with a
wide variety of hypotheses. While some studies conclude that coating a GDL with an
MPL facilitates water transport from the catalyst layer to the GDL because of the
pore size gradient (35, 61, 62), a completely opposite conclusion can also be found in
literature (33). Similarly, while some studies report that the cathode MPL enhances
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the back diﬀusion of water from the cathode to anode (27, 32, 63), others argue that
the MPL has no particular impact on the back diﬀusion of water (64–67).
These controversial hypotheses emphasize the need for further studies of water trans-
port through the GDL and MPL. A correct understanding about the liquid water
transport mechanism through these components can lead to proper water removal
from inside the cell. It should be added that the unique wettability and microstruc-
tural properties of each layer adds to the complication of this study.
As a common practice, GDLs are usually treated with a hydrophobic agent such
as polytetraﬂuoroethylene (PTFE). The hydrophobic nature of the PTFE particles
facilitates water removal from the GDL to the gas channel (49). It also keeps liquid
water from reentering the GDL after being expelled (36, 68). Furthermore, it has been
reported that adding PTFE to GDL enhances both the gas and water transport for
a cell working under ﬂooding conditions while an excessive amount of PTFE content
can lead to serious ﬂooding in the catalyst layer (32).
In this work, liquid water transport through the porous structure of the GDL is
experimentally studied by measuring the liquid water breakthrough pressure. The
breakthrough pressure is deﬁned as the pressure at which liquid water passes through
the GDL and emerges from the surface. The liquid water breakthrough pressure
is measured for diﬀerent GDL thicknesses and diﬀerent PTFE contents within the
GDL. The eﬀect of GDL thickness on liquid water transport through the GDL is also
studied by reconstructing the pore-network of the GDL based on the GDL microstruc-
tural properties. Moreover, the eﬀect of MPL and GDL compression on liquid water
breakthrough pressure is investigated.
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3.3 Experimental setup
3.3.1 Water breakthrough experiment
Liquid water breakthrough pressures through the GDL samples were measured with
an ex-situ setup, as shown schematically in Figure 4.3. Water was injected to the
surface of the GDL through a 250μm diameter (Upchurch-U111) stainless steel cap-
illary that has been attached to a 1/16inch FEP tube coming from a syringe pump.
A diﬀerential pressure transducer (Omega, PX163_120D5V) recorded the liquid wa-
ter pressure at a sampling frequency of 50Hz. Prior to measuring the liquid water
pressure in the experiments, the pressure transducer has been calibrated with a water
column for accurate precision. The GDL samples were cut into pieces of 2cm× 1cm
and sandwiched between two polycarbonate plates. Ten 1/8 inch screws tightened
the whole setup. Teﬂon sheets with diﬀerent thicknesses corresponding to the GDL
thickness have been used to seal the whole assembly. Their thicknesses were chosen
in such a way that the ratio of the GDL thickness to the Teﬂon sheet thickness was
constant. A 5mm diameter through-all hole was machined on one polycarbonate plate
(emergence side) to facilitate the water emergence.
Figure 3.1: Experimental setup
In general, ﬂuid intrusion into a porous media can cause three diﬀerent ﬂow behaviors
depending on the viscosity and the ﬂow rate of the ﬂuids involved. Figure 3.2 shows
these three ﬂow regimes on a phase diagram that has been proposed by Lenormand
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(69, 70). This chart, which is known as the Drainage Phase Diagram, is based on two
nondimensional parameters of the capillary number, Ca, and the viscosity ratio, M :
Figure 3.2: Drainage phase diagram
Ca =
vμnw
σ
(3.1)
M =
μnw
μw
(3.2)
where v is the nonwetting ﬂuid velocity, μw and μnw are the wetting and nonwetting
ﬂuid viscosities, and σ is the surface tension.
Viscous ﬁngering occurs at low viscosity ratios and has been characterized as irregular
conduits or ﬁngers of the intruding ﬂuid through the porous structure. The transi-
tion between capillary ﬁngering to stable displacement may cause ﬂooding, but the
transition between stable displacement and viscous ﬁngering rarely occurs in a fuel
cell (71).
Table 1 lists water ﬂow rates used in this study. It also includes the capillary number,
viscosity ratio and the Reynolds number associated with each ﬂow rate. The Reynolds
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number is obtained by using the superﬁcial water velocity and a mean pore diameter
of 26μm for the GDL (1). The superﬁcial water velocity is deﬁned as the bulk velocity
of water passing within the capillary cross sectional area. The low Reynolds numbers
in Table 1 indicate that viscous eﬀects are more dominant than inertia eﬀects. Figure
3.3 shows the range of water ﬂow rates in the current study overlaid on the drainage
phase diagram.
Table 3.1: Water ﬂow rate considered in this study
Intruded/displaced Water Flow Rate M Ca Re(μh−1)
Water/air 75 64 6.81×10−6 0.0095
Water/air 150 64 1.36×10−5 0.0191
Water/air 350 64 3.17 ×10−5 0.0444
Water/air 500 64 4.54×10−5 0.0635
Water/air 650 64 5.90×10−5 0.0826
Water/air 850 64 7.71×10−5 0.1080
Figure 3.3: Experimental range shown on the drainage phase diagram. Dashed lines
represent the hypothetical limits of ﬂow regimes.
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3.3.2 Sample preparation
Toray carbon papers with four diﬀerent thicknesses and diﬀerent PTFE contents have
been used in this study. Table 2 lists the measured and calculated physical properties
of GDL samples used. The carbon papers were treated with PTFE based on the
procedure described in (38). According to this procedure, the untreated carbon papers
were ﬁrst dipped into the PTFE emulsion (60 wt.dispersion in H2O, ALDRICH) for
10h. The substrates were then put in a furnace at 120◦C for 1h. The treating process
was completed by increasing the furnace temperature to 360◦C for 1h to make a
uniform PTFE distribution through the GDL, as suggested in (38).
Table 3.2: Properties of GDL samples
Toray carbon Manufacturer speciﬁed Teﬂon sheet Nominal Teﬂon
paper type thickness (μm) thickness (μm) loading wt.%
TGP-030 110 50 0, 10± 0.9, 25± 2, 37± 3.1, 50± 4.1 wt.%
TGP-060 190 80 0, 10± 0.9, 25± 2, 35± 3, 55± 4.3 wt.%
TGP-090 280 130 0, 10± 0.9, 15± 1.3, 35± 3, 45± 3.8 wt.%
TGP-120 370 130+50 0, 10± 1, 15± 1.2, 30± 3.4 wt.%
3.3.3 Contact angle measurement
Water droplet static contact angles on GDLs were measured with a house-made setup
designed for this purpose (39). The procedure and theory are presented in Ref. (40).
To measure the static droplet contact angles on GDL surfaces, droplets with diameters
between 1mm to 3mm were introduced on the GDL surface. A CCD camera (PULNIX
TM-1325CL) equipped with a long distance microscope (Inﬁnity K2/S) was used to
take images of the droplets. A light source was aligned with a series of concave lenses
to provide a uniform background light based on the Köhler illumination method.
The images of ten droplets were captured for each GDL sample. The images were
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then analyzed with a computer code that was developed based on the Young-Laplace
equation to give the droplet contact angles.
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3.4 Results and discussion
3.4.1 Contact angle
The liquid water droplet contact angle on a solid surface describes the wetting ability
of the surface by liquid. The contact angle depends on the interfacial energy along
the three phase boundary.
Figure 3.4 shows the contact angles measured on diﬀerent GDL samples. It can be
observed from the ﬁgure that the contact angle remarkably changes by applying some
amount of PTFE to an untreated GDL. However, the contact angle seems to be almost
identical for diﬀerent amounts of PTFE within the GDL. The ﬁgure also suggests that
the GDL thickness does not have any particular impact on the droplet contact angle.
This is in agreement with the ﬁndings reported by Whitesides and Laibinis that the
droplet behavior on a solid surface is mostly governed by the wetting properties of
the top few monolayers (48).
Figure 3.4: Droplets contact angles on GDL samples
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3.4.2 Liquid water breakthrough pressure
Liquid water can pass through the GDL pores when its pressure exceeds the capillary
pressure of the GDL (35). This capillary pressure is a function of pore size and can
be described by the Young-Laplace equation:
Pc = Pg − Pl = 2σwater cos θ
rpore
(3.3)
where Pg and Pl are the gas and liquid phase pressure, respectively, σwater is the water
surface tension, rpore is the pore radius, and θ is the water contact angle on the GDL.
In an operating fuel cell, water is produced in the catalyst layer and accumulates
behind the GDL. Water accumulation is accompanied with a pressure increase until its
pressure reaches the capillary pressure of the GDL. At this pressure, water can intrude
into the GDL, but it still needs to have a pressure greater than the GDL capillary
pressure to be able to travel through the GDL. For water pressure greater than the
GDL capillary pressure, the water ﬂow rate through the GDL can be calculated based
on Darcy’s law:
Q =
kA
μ
ΔP
δ
(3.4)
where Q is the water ﬂow rate, k is the permeability, A is the cross-sectional area of
the ﬂow, ΔP is the pressure drop through the porous media, μ is the water viscosity,
and δ is the length that water transports through the GDL.
Figure 3.5 shows a liquid water pressure proﬁle during the water injection at 500μ/h
to the surface of a 10wt.% PTFE treated TGP-120 sample. The ﬁgure shows that
the pressure increases linearly since the water injection has initiated at point A. The
pressure increases until it reaches 5300Pa at point B and then slightly drops down
to the value of point C. It is speculated that the pressure increase from point A to
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point B corresponds to water compression behind the GDL, within the capillary tube.
It is also speculated that liquid water initially penetrates into the front pores of the
GDL. However, low water ﬂow rates and small length scales involved result in low
Reynolds numbers. This makes viscous damping signiﬁcant and meniscus does not
continuously transport within the GDL (71). Consequently, pressure increases from
point C up to point D where the pressure reaches the maximum value of 6270Pa. At
this pressure, water was observed to emerge from the surface of the GDL and form a
droplet on its surface. This peak pressure is referred to as the breakthrough pressure.
The droplet emergence was followed with an immediate pressure drop to 4600Pa at
point E. Figure 3.5 shows that the pressure does not drop into its initial value as it
had at the beginning of the experiment. This may be due to the portion of the liquid
water that has not been emerged. The remaining liquid water in the GDL forms
columns with the water on the surface of the GDL (72). This causes a perpetual
liquid water pressure even after droplet emergence from the surface.
Figure 3.5: Liquid water pressure proﬁle, water ﬂow rate 500μh−1, TGP-120, 10
wt.PTFE
The pressure proﬁle has been further investigated by linear ﬁtting between the points
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marked on the ﬁgure. The calculated slopes and their corresponding coeﬃcient of
determination, R2, are given in Table 3. The negative slope between points B and C
may reﬂect an initial liquid water intrusion into the GDL. Furthermore, the increasing
pressure slope between intervals C-D, E-F, and G-H may indicate an increasing GDL
saturation over the time. This can lead to saturation of the GDL during the operation
of a PEM fuel cell that ultimately ceases its performance.
Table 3.3: Linear ﬁtting of the pressure proﬁle between points marked on Figure 5,
Pressure = a× time + b
Interval Slope (a) (Pa s−1) Intercept (b)(Pa) R2
A-B 111.05 -42.91 0.9997
B-C -12.74 5912.97 0.19
C-D 92.8 551.03 0.9964
E-F 102.15 -2111.53 0.9983
G-H 108.69 -6298.9 0.9991
Eﬀect of GDL thickness on the breakthrough pressure
GDL thickness has been reported to directly aﬀect the overall performance of PEM
fuel cells (32, 52). It also aﬀects the water balance during the operation of the cell
(73). Many eﬀorts have been done to model liquid water transport through the porous
structure of the GDL. In an early study, Benziger et al. (2) proposed that GDL can
be modeled as a single layer of parallel microchannels that have diﬀerent diameters.
According to this model, water transports through the largest pore and with minimal
pressure. This model also argues that a hydrophilic GDL makes no resistance to the
liquid ﬂow and any applied pressure can drive the liquid through the GDL. According
to this model, the GDL thickness has no impact on the breakthrough pressure.
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GDL can also be modeled as a network of non-uniformly distributed pores that are
connected by throats (3, 74, 75). In this method, referred to as the pore-network
model, it is assumed that the liquid and gas phases are stored in the pores and the
volume occupied by throats is zero. Pores are assumed to have no resistance to the
ﬂow while throats resist the liquid water transport. This model suggests that the
GDL thickness aﬀects the breakthrough pressure.
In the current study, the liquid water breakthrough pressure is measured for GDLs
with diﬀerent thicknesses. Figure 3.6 shows the measured breakthrough pressure for
untreated and Naﬁon loaded GDLs. The results for Naﬁon loaded GDLs will be
discussed in Section 3.4.2. Each data point on this ﬁgure represents the mean value
of three replicates and the error bars represent the calculated standard deviation.
The breakthrough pressure for the untreated GDL is linearly ﬁtted and is shown with
a black line on the plot. It can be observed from the ﬁgure that the breakthrough
pressure increases with the GDL thickness. This is because liquid water has to pass
through a longer path in thicker GDLs.
Figure 3.6: Liquid water breakthrough pressure for untreated and Naﬁon loaded
GDLs. Water ﬂow rate was 500μ h−1.
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The water transport path through the GDL can be modeled by reconstructing a pore-
network of GDL. Mortazavi and Tajiri (1) studied GDL microstructural properties
by analyzing SEM images of Toray carbon papers. Microstructural properties such as
GDL mean pore size and pore diameter distribution have been obtained in their work.
In the current study, the pore diameter distribution that has been reported in Ref. (1)
is utilized to investigate the eﬀect of GDL thickness on liquid water transport through
the GDL. Liquid water follows a path with minimum capillary pressure through the
GDL. This path corresponds to the largest adjacent pores that are connected by
throats. To investigate the eﬀect of GDL thickness on liquid water transport through
the GDL, a random matrix that describes the random distribution of GDL pores
was generated. Each array was then compared to the pore size distribution to built
the matrix of GDL pore diameters. The water transport path through the GDL was
deﬁned by choosing a route that has the largest adjacent pores in the matrix. In
each route, the smallest pore deﬁnes the maximum pressure that liquid water needs
to have to be able to pass through the GDL. Figure 3.7 shows the smallest pore
diameter in the water transport path through the GDL. It can be observed from the
ﬁgure that the minimum pore diameter in water transport path decreases as the GDL
thickness increases. This can be justiﬁed by the direct relationship between the GDL
thickness and the number of pores that liquid water needs to pass, as shown in the
inset of Figure 3.7. As GDL thickness increases, liquid water needs to pass through
a greater number of pores to be able to reach the other side of the GDL. Therefore,
the possibility of having smaller pores within the water transport path increases.
It can be concluded from this ﬁgure that an increased GDL thickness has a two-fold
impact on the liquid water breakthrough pressure. First, it increases the number of
pores that liquid water needs to move through the GDL. Second, an increased number
of pores in a thicker GDL makes the encounter of smaller pores within the water path
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more probable. Both of these cause an increased breakthrough pressure in thicker
GDLs.
Figure 3.7: Minimum pore diameter calculated with reconstructed pore-network of
GDL. GDL pore diameter distribution reported in Ref. (1) has been utilized.
Eﬀect of PTFE/Naﬁon content on the breakthrough pressure
Many works have studied the eﬀect of the PTFE content within the GDL on the over-
all performance of the cell (32, 33, 56, 76–78). The common conclusion drawn from
all these works suggests that the cell performance improves by adding some amount
of PTFE to a raw GDL. The eﬀect of the PTFE content on liquid water transport
through the GDL has been also studied in some works (26, 27, 79). However, no
common conclusion about the role of PTFE on this transport phenomenon has been
obtained. While some studies conclude that water transport through the GDL de-
creases as the PTFE content within the GDL increases (33, 80), other studies conﬁrm
that the wetting characteristic of an untreated GDL only changes with some slight
amount of PTFE (45, 49). These studies conclude that the wetting characteristic of
GDLs are almost similar for diﬀerent amounts of PTFE contents.
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The eﬀect of the PTFE content within the GDL on the liquid water breakthrough
pressure is studied in the current work with the results shown in Figure 3.8. Each
data point is the mean value of three replicates and the error bars represent the
corresponding standard deviation. The ﬁgure shows that the breakthrough pressure
signiﬁcantly increases with the ﬁrst addition of PTFE to an untreated GDL. However,
the breakthrough pressure is observed to have minimal variation for higher amounts
of PTFE. A similar trend was observed for contact angle variation shown in Figure
3.4. Such observations can be interpreted as the PTFE agglomeration having only
limited eﬀects on static and dynamic behavior of liquid water within the GDL. The
limited eﬀect of the PTFE content on liquid water behavior can be explained with
the heterogeneous distribution of PTFE particles through the GDL. Rofaiel et al.
(55) studied heterogeneous through-plane PTFE distribution in GDLs by using SEM
energy dispersive X-ray spectrometry (EDS) and noticed that for carbon paper GDLs,
PTFE particles mostly concentrate within the GDL and near the two surfaces. This
causes a limited concentration of PTFE particles on the GDL surface with minimal
impact on the contact angle for higher amounts of PTFE content.
Figure 3.8: Breakthrough pressure measured for diﬀerent GDLs
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Figure 3.9 shows the ratio of the breakthrough pressure of PTFE treated GDLs (Pb)
to the breakthrough pressure of untreated GDLs (P(0)). The ﬁgure also includes
the pressure ratios reported by Benziger el al. (2) and Tamayol and Bahrami (3).
Tamayol and Bahrami (3) proposed the following pressure ratio correlation:
Pb
P(0)
= −0.38e−0.105w + 1.38 (3.5)
where w is the PTFE content in the GDL.
It can be observed from Figure 3.9 that the correlation given in Eqn. 3.5 does not
properly match with the ﬁndings of the current study. Therefore, a new correlation
was developed that can better describe the pressure ratios obtained in this study:
Pb
P(0)
= −0.48e−0.55w + 1.48 (3.6)
Figure 3.9: The ratio of the breakthrough pressure of treated GDLs (Pb) to the
breakthrough pressure of untreated GDL (P0). Water ﬂow rate was 500μh−1. The
plot also includes the results presented in (2) and (3).
Liquid water behavior through hydrophilic GDL is also interesting. Therefore, static
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and dynamic behavior of water within hydrophilic GDL is investigated in the current
work. The hydrophilic GDL was obtained by treating GDL with Naﬁon. It has been
reported that Naﬁon ﬁlms are initially hydrophobic but show hydrophilic behavior
as they absorb water (81). GDLs were loaded with Naﬁon based on the procedure
described for PTFE loading in Section 3.3.2. Therefore, it is expected that Naﬁon
particles penetrate into the GDL substrate and also form a layer on its surface. In
this study, 17wt.% Naﬁon loaded GDL was used as a hydrophilic GDL.
Static contact angle measurements revealed a contact angle of 145◦ ± 3◦ for Naﬁon
loaded GDLs. This contact angle was slightly greater than those droplet contact
angles that have been measured on untreated GDLs. The contact angle observation
in the current study can be justiﬁed by the hydrophobic nature of the Naﬁon ﬁlm
that covers the surface of the GDL. In the contact angle measurement experiment,
water droplets were introduced to the surface of the sample. The droplets pinned to
the GDL surface without being absorbed into it. Therefore, Naﬁon ﬁlm showed its
hydrophobic characteristic and the contact angle became greater than those angles
that have been measured for untreated GDL.
The breakthrough pressure measured for Naﬁon loaded GDLs are shown in Figure
3.6. It can be observed that treating GDLs with Naﬁon decreases the breakthrough
pressure compared to untreated GDLs. This can be explained by the hydrophilic
characteristic of Naﬁon particles as they absorb water during the water injection
process. The hydrophilic property of the GDL facilitates water transport through
the GDL. Therefore, droplets can emerge at lower pressures compared to untreated
GDLs.
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Eﬀect of GDL compression on the breakthrough pressure
GDL compression is an important design parameter that can directly aﬀect the per-
formance of the fuel cell (82). It has been reported that the GDL porosity and
permeability decreases by increasing the GDL compression (46, 83). The GDL com-
pression is therefore considered to impact the liquid water transport through the
porous GDL. Bazylak et al. (84) used ﬂuorescence microscopy to study water path
through the GDL and observed that liquid water tends to ﬂow into the compressed
regions of the GDL under the land. It was reported that the compressed regions of
the GDL provide preferential pathways of water transport and breakthrough. Such
preferential pathways and breakthrough locations correspond to the breakup of ﬁbers
and deterioration of the hydrophobic coating.
In this study, liquid water breakthrough pressure for GDLs at diﬀerent compressions
have been measured for TGP-090. Diﬀerent GDL compressions were achieved by
using Teﬂon sheets with diﬀerent thicknesses of 50μm, 80μm, 130μm and 270μm
around the GDL sample. It was assumed that Teﬂon sheets do not deform across
their plane and the GDL thickness after compression becomes equal to the thickness
of the Teﬂon sheet. Table 3.4 lists the measured breakthrough pressure for diﬀerent
normalized GDL thicknesses. The normalized GDL thickness was deﬁned as:
Normalized GDL thickness =
GDL thickness after compression
GDL thickness before compression
(3.7)
The GDL compression increases as the normalized GDL thickness decreases. Table 3.4
shows that the liquid water breakthrough pressure increases as GDLs become more
compressed. This originates from decreased GDL porosity in higher compressions
(46). Except for the normalized thickness of 0.96 that corresponds to the thickest
Teﬂon sheet, the other three data points represent the mean value of two replicates
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with uncertainties showing the standard deviation. For normalized GDL thickness of
0.96, droplet emergence was observed only in one run out of ﬁve total tests. Instead,
water was observed to spread on the back side of the GDL without being emerged
from the GDL surface in the other four runs. This observation suggests that a minimal
GDL compression is desirable to facilitate water breakthrough.
Table 3.4: Breakthrough pressure for diﬀerent GDL compressions. Water was injected
at 500μh−1. GDL becomes more compressed as normalized GDL thickness decreases.
Toray carbon GDL thickness Teﬂon sheet Normalized GDL Breakthrough pressure
paper type (μm) thickness (μm) thickness (Pa)
TGP-090 280 50 0.18 4481± 24
TGP-090 280 80 0.29 4395± 24
TGP-090 280 130 0.46 4239± 73
TGP-090 280 270 0.96 3670
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Eﬀect of MPL on the breakthrough pressure
GDLs are usually coated with MPLs for an improved cell performance at high current
densities (76, 85–87). MPLs are known to have signiﬁcant eﬀect on water balance
within the cell, because they are in direct contact with the catalyst layer. In this study,
liquid water breakthrough pressure of MPL coated GDLs is measured for diﬀerent
water ﬂow rates. MPL coated GDLs with the GDL substrate of TGP-060 were used
in two diﬀerent conﬁgurations. In one conﬁguration, the samples were used with the
MPL side in contact with the water injection capillary. Water was introduced to the
surface of the MPL and its emergence from the surface of the GDL was studied. In the
other conﬁguration, the samples were put in the opposite direction with water being
introduced to the surface of the GDL. Although the latter conﬁguration is not the
case for PEM fuel cells, the breakthrough pressure results can be used to characterize
water transport in the electrode of unitized regenerative fuel cells. This type of fuel
cells combines the functionality of a fuel cell and an electrolyzer (38).
Figure 3.10 shows the measured breakthrough pressures for both of the conﬁgurations
described previously. The ﬁgure also shows the breakthrough pressure for 7wt.%
PTFE and untreated GDL. Each data point is the mean value of three replicates and
the error bars represent the calculated standard deviation. The ﬁgure shows that the
breakthrough pressure for the MPL coated GDL is greater than that for the GDL
without MPL. This is because MPL acts as an additional barrier that resists water
transport through the whole media. The other observation of this ﬁgure suggests
that the breakthrough pressure of MPL coated GDLs depends on the conﬁguration
of MPL and GDL. The water breakthrough from the GDL surface is observed to occur
at a higher pressure rather than the water breakthrough from the MPL surface.
To further investigate the eﬀect of MPL/GDL conﬁguration on liquid water transport,
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liquid water pressure proﬁles for both conﬁgurations were studied, as shown in Figure
3.11. It can be observed from the ﬁgure that water pressure monotonically increases
when water is being injected to the surface of the MPL. However, the pressure proﬁle
for the other MPL/GDL conﬁguration shows a small pressure drop 22 seconds after
the initiation of water injection. This small pressure drop splits the pressure proﬁle
into two separate steps. It is speculated that each step corresponds to the water
transport in either layer of GDL or MPL. The ﬁrst step, with the pressure increasing
up to 2700Pa, represents water transport through the GDL. Similarly, the second
step, with the pressure increasing from 2700Pa to 6100Pa, represents water transport
through the MPL.
Figure 3.10: Water breakthrough pressure for diﬀerent GDLs, GDL substrate TGP-
060
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Figure 3.11: Comparison of pressure proﬁles for diﬀerent MPL/GDL conﬁgurations
at 500μ/h water ﬂow rate
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Eﬀect of water ﬂow rate on the breakthrough pressure
The liquid water breakthrough pressures that have been presented until now have
been obtained at water ﬂow rate of 500μ/h that corresponds to the capillary number
4.54×10−5. Because ﬂow behavior in porous media depends on the capillary number,
which itself is a function of ﬂuid velocity (Equation 1), it may be assumed that the
breakthrough pressure varies with the water ﬂow rate. Therefore, the eﬀect of the
water ﬂow rate on the breakthrough pressure has been studied by injecting water
at diﬀerent ﬂow rates between 75μ/h and 850μ/h. Such ﬂow rates correspond to
capillary numbers 6.81 × 10−6 and 7.71 × 10−5, respectively. Figure 3.12 shows the
pressure proﬁles that have been recorded at diﬀerent water ﬂow rates. It can be
observed from the ﬁgure that the breakthrough pressure shows minimal variation
with water ﬂow rate. However, water ﬂow rate aﬀects the pressure proﬁle slope and
the time interval that water needs to travel through the GDL to emerge from its
surface. A higher water ﬂow rate provides a higher superﬁcial water velocity through
the GDL and decreases water transport time through the GDL.
Figure 3.12 also shows that the pressure proﬁle oscillates with a greater amplitude
at lower capillary numbers. This increased oscillatory pattern of the pressure proﬁle
at lower capillary numbers originates from the low ﬂow rate that is not capable of
providing enough volume of water to keep a continuous meniscus transport (71).
Therefore, water percolation through the GDL subsides. Water accumulates until
the pressure exceeds the capillary pressure of the pore and can pass through the pore.
As the capillary number increases, the ﬂow regime shifts to the stable displacement
and pressure oscillation decreases.
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Figure 3.12: Liquid water pressure proﬁle for diﬀerent water ﬂow rates, GDL sample
untreated TGP-060
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3.5 Conclusion
Liquid water transport through the porous structure of the GDL was studied by
measuring the liquid water breakthrough pressure for diﬀerent GDL conditions such as
GDL thickness, PTFE content within the GDL, GDL compression, and the addition
of MPL to the GDL. GDL pore size distribution reported in Ref. (1) has been utilized
to reconstruct the pore-network of GDL. The following conclusions can be drawn from
this study:
1. GDL thickness does not aﬀect the droplet contact angle. This is because the
droplet behavior on a solid surface is mostly governed by the wetting properties
of the top few monolayers.
2. GDL thickness has a two-fold impact on the liquid water breakthrough pressure.
It increases the number of pores liquid water needs to pass through the GDL to
emerge from its surface. Consequently, the greater number of pores increases
the probability of having smaller pores within the water transport path.
3. Applying some amount of PTFE to an untreated GDL increases the break-
through pressure. However, the breakthrough pressure does not vary with dif-
ferent amounts of the PTFE within the GDL. This observation is similar to the
variation of the droplet contact angle on the GDL surface.
4. It was observed that treating a GDL with Naﬁon increases the droplet contact
angle compared to an untreated GDL. However, Naﬁon treatment of GDLs was
observed to decrease the water breakthrough pressure. Such observations were
justiﬁed according to the diﬀerent characteristics of Naﬁon ﬁlm for dry and wet
conditions.
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5. GDL compression was observed to increase the breakthrough pressure. This is
because GDL porosity decreases as the GDL becomes more compressed.
6. The MPL coating of GDLs were observed to increase the liquid water break-
through pressure through the GDL. It was also observed that diﬀerent con-
ﬁgurations of MPL and GDL result in diﬀerent breakthrough pressures. The
breakthrough pressure when MPL was in contact with the capillary tube was
greater than the breakthrough pressure when GDL was in contact with the
capillary tube.
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Chapter 4
Eﬀect of the PTFE Content in the
Gas Diﬀusion Layer on Water
Transport in Polymer Electrolyte
Fuel Cells (PEFCs)
1
4.1 Abstract
The dynamic behavior of a liquid water droplet emerging and detaching from the surface of
the gas diﬀusion layer (GDL) is investigated. The droplet growth and detachment are studied
for diﬀerent polytetraﬂuoroethylene (PTFE) contents within the GDL and for diﬀerent
superﬁcial gas velocities ﬂowing in the gas channel. To simulate the droplet behavior in
the cathode and anode of an operating polymer electrolyte fuel cell, separate experiments
1The contents of this chapter has been published by Journal of Power Sources, 2014, Vol. 245,
236-244
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are conducted with air and hydrogen being supplied in the gas channel, respectively. Both
the superﬁcial gas velocity and the PTFE content within the GDL are found to impact the
droplet detachment diameter. Increasing the superﬁcial gas velocity increases the drag force
applied on the droplet sitting on the GDL surface. It is observed that the droplet detaches at
a smaller diameter for higher superﬁcial gas velocities. The droplets also detach at smaller
diameters from GDLs with a higher amount of PTFE. Such observation is justiﬁed according
to two diﬀerent points of view: (1) heterogeneous through-plane PTFE distribution through
the GDL and (2) reduced GDL surface roughness caused by PTFE loading.
4.2 Introduction
Polymer electrolyte fuel cells (PEFCs) are considered to be promising power sources
for automotive, residential and stationary applications (59). They beneﬁt from high
eﬃciency as well as a high volumetric power density without emitting greenhouse
gases as they operate. However, there are some issues that need to be solved before
this type of energy system can be commercially released. One of the most challenging
issues for researchers is water management in PEFCs. As electrochemical reactions
occur in PEFC, hydrogen fuel is converted into useful power with water and heat as
byproducts. Some portion of this produced water may be helpful in increasing the
cell performance by hydrating the membrane and improving its proton conductivity.
Some other portion of the water produced in the cathode may be transported into
the anode by back diﬀusion or evaporate into the gas channel. Any excess amount of
liquid water ﬁlls open pores in the gas diﬀusion layer (GDL). Increasing the amount
of liquid water within the GDL can ultimately saturate the GDL. This will block the
transport of reactants to the catalyst layer. This phenomenon is known as ﬂooding
and is reported to signiﬁcantly decrease the performance of the cell (13, 34, 52).
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Flooding mostly happens at high current densities when the water production rate is
considerable. It may also occur at low current densities under certain conditions such
as low temperature and low reactant ﬂow rates. The accumulated liquid water within
the GDL emerges from the GDL surface in the form of droplets. Liquid water removal
from the GDL surface follows two diﬀerent modes depending on the water production
rate as well as the superﬁcial gas velocity (5). The superﬁcial gas velocity is deﬁned
as the bulk velocity of gas ﬂowing within the channel cross sectional area. For a high
superﬁcial gas velocity, the shear force from the core gas ﬂow causes the droplets to
detach from the GDL surface. When the superﬁcial gas velocity is moderate, the
droplets grow in size until they touch the hydrophilic channel walls and spread over
them. In this case, the capillary ﬂow drains the liquid water through the corners
and forms an annular ﬁlm ﬂow. When the water production rate is high and/or the
superﬁcial gas velocity is low, the corner ﬂow is not capable of draining all of the liquid
water from the gas channel. In this case, the liquid ﬁlm grows in size and ultimately
clogs the gas channel. This eventually stops the cell from producing electricity.
It is a common practice to treat GDLs with a hydrophobic agent such as polytetraﬂu-
oroethylene (PTFE) for better liquid water transport within the GDL. Many works
have targeted the eﬀect of GDL treatment on the cell performance (32, 33, 56, 76–78)
as well as its eﬀect on the liquid water behavior within the cell (26, 27, 79). Although
all these works agree on improved cell performance with the addition of some amount
of PTFE to the raw GDL, a common conclusion about the role of PTFE in the GDL
on liquid water transport has not been reached. Some works suggest that increasing
the PTFE content in the GDL lowers the liquid water transport rate through the
GDL (33, 80). Some other works conﬁrm that a GDL with a slight amount of PTFE
content shows signiﬁcantly lower water wetting compared to an untreated GDL but
that adding more PTFE does not aﬀect water wetting on the GDL surface (45, 49).
57
Although applying PTFE in the GDL mainly aﬀects the water behavior within the
cell, its impacts on other parameters should also be considered for an appropriate
cell design. It has been found that increasing the PTFE content within the GDL has
some drawbacks such as decreased electrical conductivity (78, 88), thermal conduc-
tivity (89), permeability (33, 78) and porosity (57, 78, 86).
Within the last few decades, diﬀerent experimental approaches have been taken to
study the liquid water transport and distribution in PEFCs. Methods such as neutron
imaging (30, 90), gas chromatography (GC) (91, 92) and X-ray techniques (93, 94)
have enabled the in-situ observation of the liquid water distribution within PEFC. The
application of these in-situ observation methods is complex and expensive. Further-
more, these methods are either limited in spatial and temporal resolution (neutron
radiography) or not applicable to situations with an abundant amount of liquid water
(GC). Direct optical visualization, on the other hand, is most likely the simplest and
the least expensive method to monitor liquid water behavior in PEFC. Depending on
the optical setup used, it can also beneﬁt from high spatial and temporal resolution.
Although many studies on direct optical visualization have been conducted (5, 13, 26–
28, 47), there have been very few published reports studying droplet growth and
detachment on the GDL surface with diﬀerent wettabilities.
Theodorakakos et al. (29) made a direct visualization experimental setup and recorded
the droplet’s side view behavior upon detachment. They measured the dynamic con-
tact angle of the droplet and could correlate the droplet detachment diameter with
the air velocity. It was found that for any given droplet size, there is a critical value
of superﬁcial gas velocity above which the droplet can be detached from the surface
of the GDL. Bazylak et al. (54) studied droplet growth and detachment from the
GDL surface by using ﬂuorescence microscopy and observed that the breakthrough
location changes over time. This observation was followed by modeling the GDL as
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an interconnected network of water pathways. The other observation reported in the
same study (54) was the layer of residual water that detaching droplets leave on the
GDL surface. This layer was considered to provide the pinning site for prospective
droplets emerging from the GDL surface. Although this work was successful in deﬁn-
ing the dynamic behavior of liquid water transport through the GDL, the inﬂuence
of the surface energy on droplet behavior was not studied.
Kumbur et al. (47) used direct visualization and measured the contact angle hysteresis
(the diﬀerence between the advancing and receding contact angles) as a parameter
that determines the instability of the droplet under the inﬂuence of a shear gas ﬂow.
It was observed that the contact angle hysteresis increased with the PTFE content for
any given superﬁcial air velocity. Consequently, a droplet placed on the GDL surface
of a high PTFE content tended to be more unstable and could be removed more easily.
Very recently, Das et al. (72) studied droplet detachment from the GDL surface by
measuring the sliding angle and noticed that liquid columns formed underneath the
droplet and within the GDL pores, which assisted the droplet’s adhesion to the GDL
surface.
The illustrated literature review highlights the lack of in-depth studies of the droplet
behavior on the GDL surface with diﬀerent PTFE contents. In this work, the droplet
growth and detachment from GDLs with diﬀerent PTFE contents and under diﬀerent
superﬁcial gas velocities are quantitatively studied. A scaled-up channel is designed
to eliminate the wall eﬀect. Although channel walls may aﬀect the droplet growth
and detachment mechanism, the droplet behavior under the inﬂuence of a core gas
ﬂow is the subject of study in this work.
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4.3 Experimental setup
4.3.1 Apparatus design
An ex-situ direct visualization apparatus was designed and fabricated to study liquid
water droplet emergence, growth and detachment on the GDL surface, as shown in
Figure 1. The experimental apparatus includes a 100 mm long, 2.5 mm wide single
gas channel machined on a 1 mm thick aluminum plate and sandwiched between
two polycarbonate plates. Air or hydrogen was supplied within the gas channel
through an inlet port machined on one of the polycarbonate plates. The inlet port was
aligned with the gas channel at its entrance. The GDL sample was placed between
polycarbonate plate 1 and the aluminum plate (Figure 1). Deionized liquid water was
injected by a syringe pump on one side of the GDL (the side facing polycarbonate plate
1) through a capillary tube with an inside diameter of 250 μm (U_111, Upchurch).
The droplet emergence, growth, and detachment on the other surface of the GDL
were monitored through polycarbonate plate 2. Teﬂon sheets were used between the
polycarbonate plates and the aluminum plate to prevent any possible gas leakage
from the apparatus.
Figure 4.1: Experimental apparatus
Toray carbon papers (TGP_060) with a manufacturer-speciﬁed thickness and poros-
ity of 190 μm and 76, respectively, were used as the GDL. Toray carbon papers
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were loaded with PTFE based on the procedure presented in (38). This procedure
is described as follows. The substrates were dipped in PTFE emulsion (60 wt. dis-
persion in H2O, ALDRICH) for ten hours, and then they were dried at 120◦C for
one hour. According to (38), to make a uniform distribution of PTFE within the
GDL substrates, the substrates were sintered at 360◦C for one hour. The PTFE
weight percent loaded on the GDL was controlled by the PTFE concentration in the
emulsion.
To study the aging eﬀect on the GDL surface energy, the GDL samples were aged in
two steps. In the ﬁrst step, the GDL samples were dipped in deionized water at 60◦C
for twenty-four hours. For the second step, the GDL samples were removed from the
deionized water and put in the furnace at 60◦C for four hours.
Figure 2 shows the amount of PTFE content in the GDL as well as the loaded GDL
areal mass based on the PTFE concentration in the emulsion. The PTFE content
in the GDL was calculated by comparing the GDL mass before and after the PTFE
treatment. Samples with nominal PTFE loadings of 10 wt., 25 wt., 35 wt. and 55
wt. were tested in this study. Table 4.1 summarizes the measured and calculated
physical properties of the samples.
Table 4.1: GDL properties for diﬀerent PTFE loading
Nominal Teﬂon Static Contact Static Contact Areal Mass Calculated
Loading Angle Measured Angle Measured mg cm−2 Teﬂon
(Fresh) (Aged) Loading
0 wt. 129.7◦ ± 8.84◦ NA 9± 0.2 NA
10 wt. 153.7◦ ± 1.57◦ 147.3◦ ± 1.49◦ 10± 0.3 11 wt.
25 wt. 152.8◦ ± 3.1◦ 148◦ ± 3.27◦ 11.5± 0.3 27 wt.
35 wt. 151.7◦ ± 3◦ 147.3◦ ± 3.27◦ 12± 0.5 33 wt.
55 wt. 153.5◦ ± 1.7◦ 146.9◦ ± 2.49◦ 14.5± 0.7 55 wt.
For a better clariﬁcation of the droplet behavior on the GDL surface in the cathode
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Figure 4.2: GDL areal mass and PTFE content based on PTFE concentration in
emulsion
and anode of an actual fuel cell, separate experiments were conducted with air and
hydrogen being supplied in the channel, respectively. Two diﬀerent range rotameters
(Omega, FL_3802C and FL_3804ST) were used to supply the desired volumetric
gas ﬂow rate at low (max. 1200 mmin−1 for air and 4200 mmin−1 for hydrogen)
and high (max. 4500 mmin−1 for air and 16000 mmin−1 for hydrogen) ranges.
All experiments were run in atmospheric pressure and at room temperature. The
GDL surface temperature was measured as 59◦C ± 1◦C using a hand-held infrared
thermometer (Optex). This relatively high temperature came from two light sources
used during the experiments. Table 4.2 lists the conditions of each run in the series
of experiments. Three runs were conducted for each case to ensure repeatability. To
provide the same condition for each run, the GDLs were dried by purging nitrogen
at 3000 mmin−1 for 20 minutes while the two light sources were kept on. The
schematic of the experimental setup consisting of the experimental apparatus, gas
cylinder, rotameter, syringe pump and high speed camera controlled by a PC is
shown in Figure 3.
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Table 4.2: Experiment conditions
Nominal Flow Superﬁcial Reynolds Water Video
Run PTFE Gas Rate Gas Number Injection Frame
wt. m min−1 Velocity m s−1 Rate μ h−1 Rate (fps)
A1 0 Air 1666 11.1 1009 350 200
A2 10 Air 1666 11.1 1009 350 200
A3 25 Air 1666 11.1 1009 350 200
A4 35 Air 1666 11.1 1009 350 200
A5 55 Air 1666 11.1 1009 350 200
A6 0 Air 2222 14.8 1345 350 50
A7 25 Air 555 3.7 336 350 200
A8 25 Air 1111 7.4 672 350 200
A9 25 Air 2222 14.8 1345 350 150
H1 10 Hyd. 6000 40 504 350 150
H2 25 Hyd. 6000 40 504 350 150
H3 35 Hyd. 6000 40 504 350 150
H4 55 Hyd. 6000 40 504 350 150
H5 25 Hyd. 3000 20 252 350 150
H6 25 Hyd. 4000 26.6 335 350 150
H7 25 Hyd. 5000 33.3 419 350 150
H8 25 Hyd. 7000 46.6 587 350 150
H9 25 Hyd. 8000 53.5 672 350 150
H10 35 Hyd. 3000 20 252 350 150
H11 35 Hyd. 4000 26.6 335 350 150
H12 35 Hyd. 5000 33.3 419 350 150
H13 35 Hyd. 7000 46.6 587 350 150
H14 35 Hyd. 8000 53.5 672 350 150
Figure 4.3: Schematic of experimental setup
63
4.3.2 High speed imaging
The droplet growth and detachment on the GDL surface in the gas channel was
recorded using a high speed camera (50KD2B2, Mega Speed) controlled with a PC.
A Navitron TV Zoom Lens 7000 18_180 mm was attached to the high speed camera
that provided a spatial resolution of 10 μm pixel−1. The visualizing window had a
resolution of 640 × 480 pixels with approximately 250 pixels for the channel width.
This ensured a proper resolution for image analysis. Image analysis was performed
by the Mega Speed AVI Player software provided by the camera manufacturer. Two
300-W tungsten lamps (Lowel Omni) were used as the light source to provide proper
illumination.
4.3.3 Contact angle measurement
The static contact angles on fresh and aged GDLs were measured using a setup al-
ready made for this purpose (39). The procedure and theory can be found in (40).
The contact angle measurement setup consisted of an illumination source that pro-
vided a beam of light with equal intensity, a series of lenses to converge the beam, a
labjack (Thorlabs L200) enabling X_Y_Z alignment of the sample and a long dis-
tance microscope (Inﬁnity K2/S) coupled to a CCD camera (PULNIX TM-1325CL).
Ten droplets with diameters in the range of 1− 3 mm were placed on the GDL sur-
faces, and images were captured. The images were then analyzed with a computer
code developed based on the Young-Laplace equation. The mean value of the contact
angle for the ten images was considered the contact angle of the droplets on each
GDL surface.
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4.3.4 Flow condition
The surface area of the capillary tube, (4.908× 10−4 cm2), used to inject liquid water
on the GDL surface can be considered the water production area in an operating fuel
cell. The water production rate during the oxygen reduction reaction can be obtained
by Faraday’s second law of electrolysis:
n˙H2O =
iAact
2F
(4.1)
where n˙H2O is the molar rate of water produced, i is the current density, Aact is the
active area, and F is Faraday’s constant. Assuming all water produced is in the
liquid phase, the liquid water production rate for a current density of 2 A cm−2 and
an active area of 4.908× 10−4 cm2 is 0.33 μ h−1. To be able to run the experiment
in a reasonable amount of time and without secondary eﬀects such as evaporation, a
water ﬂow rate of 350 μ h−1 was chosen, as in (95).
Air and hydrogen were supplied at diﬀerent ranges, as given in Table 2. These ﬂows
result in Reynolds numbers ranging from 336 to 1345 for air and from 252 to 672 for
hydrogen.
4.4 Results and discussion
4.4.1 Contact angle
The liquid contact angle is a measure of the wetting ability of a solid surface by
liquid and depends on the interfacial energy along the three phase boundary. In water
management with application in PEFC, the contact angle is an important parameter
characterizing many dominant properties. The surface adhesion force, drag force,
capillary pressure, and even the shape of a droplet sitting on the GDL surface are
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some of the properties that the contact angle aﬀects. The surface adhesion force,
which is the consequence of the molecular interaction between a liquid and a solid,
makes the droplet adhere to the solid surface. This force holds the droplet on the
GDL surface by resisting the drag force from the core gas ﬂow. It has been shown
that the contact angle hysteresis is a key parameter in deﬁning the adhesion force and
instability of a droplet under the inﬂuence of a shear gas ﬂow (47, 96). Increasing the
gas ﬂow rate increases the dynamic contact angle hysteresis and moves the droplet
towards an unstable condition (47). The contact angle of a droplet on a PTFE-treated
GDL depends on parameters such as the porosity, macroscopic roughness of ﬁbers
ridges, microscopic roughness of the individual ﬁbers, and chemical heterogeneity of
the carbon and PTFE surface in the GDL (45). In this study, the static contact angle
was measured and used as the parameter deﬁning the surface energy of GDLs.
Sessile droplets on treated and untreated GDLs are shown in Figure 4. The GDLs
were aged by dipping them in deionized water at 60◦C for twenty-four hours and
then drying them in a furnace at 60◦C for four hours. Figure 5 shows the contact
angles of the droplets on fresh treated, aged treated, and fresh untreated GDLs. The
error bars shown represent the standard deviation of the measured contact angles.
While adding some amount of PTFE to an untreated GDL signiﬁcantly increases the
contact angle, it can be observed that the droplets show similar contact angles on
GDLs with diﬀerent PTFE contents. A similar observation was reported by Benziger
et al. (2) for TGP-H-120 Toray carbon paper. Lim and Wang (56) calculated the
contact angle based on a capillary meniscus height measurement and observed that
the contact angle does not change signiﬁcantly by adding Teﬂon from 10 wt. to 40
wt. PTFE. Fairweather et al. (49) used the pore size distribution obtained from MIP
to estimate the eﬀective contact angle distributions on untreated and treated GDLs.
It was observed that the contact angle increases by applying 5 wt. PTFE to a raw
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GDL and that any further addition of PTFE does not have any eﬀect on the contact
angle. Because the contact angle does not change with the PTFE content in the
GDL, it is suspected that most of the PTFE particles penetrate through the GDL
and agglomerate within the pores rather than on the GDL surface. Furthermore,
the comparable contact angles of treated fresh GDLs (152◦) and treated aged GDLs
(147◦) support the possibility of higher PTFE agglomeration within the GDL rather
than on its surface. However, there should be some PTFE particles sitting on the
surface of the GDL because the contact angle is signiﬁcantly diﬀerent between an
untreated GDL and a 10 wt. PTFE-treated GDL. PTFE particles are small enough
(50 − 500 nm) to be able to pass through GDL pores (10 − 30 μm) and accumulate
on the inner layers of the GDL. The smaller standard deviations of the contact angles
on the treated GDLs shown in Figure 5 represent more uniform contact angles on
treated GDLs compared to untreated ones. The PTFE particles ﬁll the open pores
on the GDL surface and make a smooth surface with a shorter contact line between
the droplet and ﬁbers.
(a) Treated Fresh GDL (b) Treated Aged GDL (c) Untreated Fresh GDL
Figure 4.4: Contact angle measurement (a) 10 wt. PTFE treated fresh GDL, contact
angle = 153.7◦±1.57◦ (b) 10 wt. PTFE treated aged GDL, contact angle = 147.3◦±
1.49◦ (c) untreated fresh GDL, contact angle = 129.7◦ ± 8.84◦
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Figure 4.5: Droplet contact angle on treated and untreated GDLs
4.4.2 Droplet growth
Liquid water ﬁnds the path with the least transport resistance through the GDL
and emerges from preferential locations, forming droplets (84). The emerged droplet
grows in size until it becomes large enough to detach from the GDL surface. However,
a low superﬁcial gas velocity is not capable of detaching the droplet. Figure 6 shows
the droplet growth on untreated and treated GDLs with diﬀerent PTFE contents.
The spreading factor, deﬁned as the ratio of the droplet diameter d to the droplet
detachment diameter dd, is shown at diﬀerent times. The spreading factor is only
shown for the ﬁrst 100 ms for the sake of comparison. Figure 6 shows that as the
PTFE content in the GDL increases, the slope of the spreading factor curve increases.
This means that for GDLs with a higher amount of PTFE droplets needs less time to
reach the size at which they detach. Figure 6 also shows that for 35 wt. and 55 wt.
PTFE, detachment occurs within 100 ms, while a longer time is required for droplets
to detach from GDLs with a lower amount of PTFE.
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Figure 4.6: Droplet growth rate under superﬁcial air velocity of 11.1m s−1 on treated
and untreated GDLs
4.4.3 Droplet detachment diameter
Zhang et al. (5) deﬁned two modes of water removal from a GDL surface, droplet
detachment by shear force and capillary wicking of liquid water into more hydrophilic
channel walls. Droplet detachment is the characteristic of a high superﬁcial gas ve-
locity, while capillary wicking occurs at lower gas ﬂow rates. The droplet detachment
from GDLs with diﬀerent wettabilities is the subject of study in the present work.
Droplet detachment can be studied by considering all of the forces applied on a droplet
under a shear gas ﬂow. Considering the droplet free body diagram as shown in Figure
7, these forces are (i) the gravitational force (FG), (ii) the surface adhesion force (FS)
and (iii) the shear drag force from core gas ﬂow (FD).
The Bond number describes the ratio of the gravitational force to the surface tension
force and is deﬁned as:
Bo =
Δρgd2d
σ
(4.2)
whereΔρ is the density diﬀerence between the liquid and the gas, g is the gravitational
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Figure 4.7: Forces applied on a droplet in general conﬁguration
acceleration, dd is the droplet detachment diameter and σ the interfacial surface
tension. The maximum Bond number calculated in this study was 0.1, which indicates
that the force of gravity is small compared to the surface tension and can be neglected
(97). The surface adhesion force keeps the droplet on the surface, while the drag force
applied from the core gas ﬂow tries to detach the droplet from the surface. Droplet
detachment occurs when the drag force overcomes the surface adhesion force.
The droplet detachment diameter is an important parameter in fuel cell gas channel
design. A gas channel smaller than the droplet size will be clogged by the droplet
upon detachment. An over-sized channel, on the other hand, will increase the parasitic
power required to supply the reactants at the same superﬁcial velocity to run the cell.
The former stops the cell from producing energy, and the latter lowers the overall
energy eﬃciency.
Comparing the hydrogen and air superﬁcial velocities upon droplet detachment shows
that a higher hydrogen velocity is required to detach a droplet from the GDL surface.
This behavior can be justiﬁed by hydrogen’s lower density compared to air. The drag
force is a function of the gas velocity and the gas density. Because hydrogen density
is lower than air density, a higher superﬁcial hydrogen velocity will be required to
provide enough drag force to detach a droplet. The drag force applied from a core
gas ﬂow on a droplet can be calculated by:
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FD =
1
2
ρCDAPV
2 (4.3)
where ρ is the gas density, CD is the drag coeﬃcient, AP is the projected area, and
V is the superﬁcial gas velocity.
It was also observed that droplets leave residual liquid water particles as they detach
from the GDL surface. It has been reported that these residual water particles become
the pinning site for future droplets and are followed by slug formation after a while
(54).
The location of the droplet’s emergence was also studied in this work. It was observed
that the ﬁrst few droplets emerged and detached at a constant location. However,
prospective droplets showed a tendency to appear from diﬀerent locations, as shown
in Figure 8. This suggests an interconnected network of water pathways within the
GDL, as was reported by Bazylak et al. (54).
(a) (b) (c)
Figure 4.8: Multiple droplets emerging at diﬀerent breakthrough locations on 10 wt.
PTFE GDL surface; (a) breakthrough location for ﬁrst few droplets (b, c) droplets
emerging at diﬀerent locations after a while
Eﬀects of the PTFE content on the droplet detachment diameter in the
cathode and anode
Figure 9 shows the droplet detachment diameter on GDLs with diﬀerent PTFE con-
tents and under a superﬁcial air velocity of 11.1 m s−1. Each data point represents
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the mean diameter of the ﬁrst ten detaching droplets for three separate runs. As
the ﬁgure shows, the droplet detachment diameter decreases as the PTFE content
within the GDL increases. As shown in Figure 5, the droplet contact angles on the
PTFE-treated GDLs are almost uniform and do not change with the PTFE content.
The fact that the PTFE content within the GDL aﬀects the droplet detachment di-
ameter without having any contribution to the droplet surface contact angle can be
an indication of the existence of a heterogeneous through-plane parameter aﬀecting
the liquid water transport within the GDL.
Figure 4.9: Droplet detachment diameter under 11.1 m s−1 superﬁcial air velocity and
at diﬀerent PTFE wt.for treated GDL. Sliding diameter is considered for untreated
GDL (runs A1-A5 in Table 5.1).
A smaller detachment diameter on GDLs with a higher PTFE content can be justi-
ﬁed by PTFE accumulation within the GDL. It has been reported that the PTFE
distribution through the GDL is not uniform and varies through the GDL thick-
ness. Fishman and Bazylak (57) used high resolution microscale visualization and
measured the through-plane porosity of PTFE-treated GDLs. Studying the GDL
through-plane porosity, a higher local porosity in the center of the GDL and a lower
local porosity near the surface were observed. This observation was attributed to
72
a higher PTFE concentration near the surface and a lower PTFE concentration in
the core region of the GDL. In another study, Rofaiel et al. (55) used scanning elec-
tron microscopy (SEM) energy dispersive X-ray to measure the through-plane PTFE
distribution within the GDL. They reported a higher PTFE concentration near the
surfaces and a lower PTFE concentration in the core region of the GDL. Both studies
agree on the heterogeneous through-plane PTFE distribution within the GDL. This
uneven proﬁle of the PTFE distribution can be a reason for the diﬀerent droplet
detachment diameters for diﬀerent PTFE contents. Agglomerated PTFE particles
through the GDL increase the internal contact angle θ and decrease the pore radius
rpore of the GDL. Such changes result in an increase in the capillary pressure required
to intrude liquid water into the pores:
Pc =
2σwater cos θ
rpore
(4.4)
Liquid water can pass through the pores only when its pressure exceeds the capillary
pressure, and for a continuous ﬂow to happen, its pressure should remain higher than
the capillary pressure (35). Carbon layers with high amounts of PTFE content within
the GDL resist liquid water transport by acting as a barrier. Low pressure liquid water
is not capable of passing through this barrier and accumulates behind the GDL with
increasing pressure. The liquid water pressure increases until it reaches the capillary
pressure and can pass through the pores. As liquid water passes through the pores,
its pressure suddenly drops, and the barrier again blocks water transport through
the GDL. The liquid water passing through the GDL appears in the form of droplets
on the GDL surface. On the other hand, because the barrier within the GDL has
blocked water transport through the GDL, no water column exists underneath the
droplet to assist its adhesion (72). All of these consequences result in easier droplet
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detachment from the surface of the GDL.
A smaller droplet detachment diameter for GDLs with a higher amount of PTFE
may also be justiﬁed based on the surface roughness. It has been reported that the
droplet behavior on a GDL surface is mostly controlled by the wetting characteristic
of the top few monolayers (48). A higher PTFE concentration has been reported to
reduce the surface roughness (57), and because droplets show less of a tendency to
detach from rough surfaces (54), it can be concluded that droplets can detach more
easily from GDLs with a higher amount of PTFE.
The droplet behavior on untreated GDL surface was also studied in this work. For
a treated GDL, droplets could detach from the GDL surface as discussed earlier.
However, for an untreated GDL, it was observed that droplets do not detach from
the surface. Instead, the emerged droplets were removed by sliding on the GDL
surface to the end of the gas channel, where they were discharged through the outlet
port. The droplet sliding diameter on an untreated GDL is shown in Figure 9. Figure
10 shows a droplet sliding on an untreated GDL without being detached. Fairweather
et al. (49) measured the capillary pressure for untreated and treated GDLs and found
that liquid water intrudes more easily into an untreated GDL, while adding a slight
amount of PTFE to the GDL makes it easier to remove water and harder for the
water to intrude.
(a) Droplet emerging (b) Droplet slid path on GDL
Figure 4.10: Droplet sliding on untreated GDL without detaching
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The eﬀect of GDL aging on the droplet detachment diameter was not studied in
this work. However, although aging was observed to decrease the droplet contact
angles (Figure 5), it was assumed that it does not have any eﬀect on the droplet
detachment diameter. The reason for this assumption can be explained by the uniform
contact angles of droplets on treated aged GDLs. Droplets make similar contact angles
on treated aged GDLs with diﬀerent amounts of PTFE content. Because identical
behavior was observed for treated fresh GDLs, it may be assumed that aging has no
impact on the droplet detachment diameter.
Our results in this work show that increasing the PTFE content in the GDL enhances
droplet detachment by reducing the growth time and the droplet diameter upon
detachment. However, the way that the PTFE content aﬀects other parameters
should be carefully considered for an appropriate cell design. An optimum PTFE
content in the GDL should be deﬁned by considering all of the parameters aﬀecting
the cell performance. For instance, in terms of the cell performance, Velayutham et
al. (98) reported that the optimum PTFE content is approximately 20 wt.. Any
further amount of PTFE within the GDL increases the electrical resistance, and
a lesser amount of PTFE results in water ﬂooding within the cell. Each of these
consequences can reduce the cell’s performance and should be avoided.
Figure 11 shows the droplet detachment diameter under a superﬁcial hydrogen ve-
locity of 40 m s−1 and as a function of the PTFE content in the GDL. The general
trend indicates that the droplet detachment diameter decreases as the PTFE con-
tent increases. However, the comparable detachment diameters for 25 wt. and 35
wt. suggest that the detachment diameter is not a strong function of the PTFE
content within the GDL. A similar observation can be detected in Figure 9 when air
is supplied in the gas channel.
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Figure 4.11: Droplet detachment diameter under 40 m s−1 superﬁcial hydrogen ve-
locity with diﬀerent PTFE wt. (runs H1-H4 in Table 5.1)
Eﬀect of the superﬁcial gas velocity on the droplet detachment diameter
in the cathode and anode
The superﬁcial gas velocity plays an important role in droplet detachment from the
GDL surface. For a low superﬁcial gas velocity, the drag force applied from the core
gas ﬂow (Eq. 4.3) cannot overcome the adhesion force. In this case, the droplet
increases in size and forms slug. A high superﬁcial gas velocity, on the other hand,
leads to low reactant utilization, increased parasitic losses, and possibly membrane
dehydration. Therefore, knowing the appropriate range of the superﬁcial gas velocity
can lead to an appropriate cell design in terms of liquid water drainage and the
overall cell eﬃciency. Figure 12 shows the droplet detachment diameter for diﬀerent
superﬁcial air velocities. As the superﬁcial air velocity increases, the droplets detach
at smaller diameters on the treated GDL surface. For an untreated GDL, increasing
the superﬁcial air velocity decreases the droplet sliding diameter. It was observed that
for low superﬁcial air velocities (3.7m s−1 and 7.4m s−1), droplets were not sliding on
untreated GDLs. Instead, they grew in size and turned into slugs.
Figure 4.13 shows the droplet detachment diameter as a function of the superﬁcial hy-
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Figure 4.12: Droplet detachment diameter under diﬀerent superﬁcial air velocities
and 25 wt.PTFE treated and untreated GDL (runs A1, A3, A6-A8 and A9)
drogen velocity. The general trend is that the droplet detachment diameter decreases
as the superﬁcial hydrogen velocity increases. The droplet detachment diameter for
two diﬀerent PTFE contents (25 wt.and 35 wt.) are plotted in this ﬁgure. For a low
to moderate superﬁcial hydrogen velocity (20 m s−1 - 33.3 m s−1), the droplet detach-
ment diameter is lower for 35 wt. , while for a higher superﬁcial hydrogen velocity
(40 m s−1 - 53.3 m s−1), the droplets detach at comparable diameters from the GDLs.
This behavior indicates that for a high superﬁcial gas velocity, the PTFE content in
a GDL is not the governing parameter in droplet detachment.
In reality, the hydrogen velocity in the anode tends to be low because pure hydrogen
is used and utilization is very high. Therefore, once droplets form in the anode gas
channel, it is extremely diﬃcult to remove such droplets by the drag force.
Comparing the sensitivity of the PTFE content in a GDL and the super-
ﬁcial gas velocity on the droplet detachment diameter
The droplet growth and detachment from a treated fresh GDL under the inﬂuence
of a shear gas ﬂow is studied. Although increasing both the PTFE content in the
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Figure 4.13: Droplet detachment diameter for diﬀerent hydrogen superﬁcial velocity
in gas channel (runs H2, H3, H5-H14)
GDL and the superﬁcial gas velocity in the gas channel were observed to decrease the
droplet detachment diameter, the latter was found to have more of an impact on the
size of the droplet upon detachment. As the superﬁcial air velocity increased from
3.7 m s−1 to 14.8 m s−1, the droplet detachment diameter decreased from 0.86 mm to
0.35 mm for a 25 wt. treated GDL (Figure 12). However, for a constant superﬁcial
air velocity of 11.1 m s−1, increasing the PTFE content within the GDL from 10
wt. to 55 wt. resulted in a droplet detachment diameter reduction from 0.61 mm
to 0.36 mm (Figure 9). These results show that between the PTFE content within
the GDL and the superﬁcial gas velocity ﬂowing in gas channel, the superﬁcial gas
velocity is a sensitive parameter that aﬀects the droplet detachment diameter. The
droplet growth and removal from untreated GDL is also investigated. Despite treated
GDLs where droplets could detach from the GDL surfaces, the droplet removal from
an untreated GDL surface was in the form of droplet sliding. For a high superﬁcial
air velocity, the core gas ﬂow was capable of sliding the droplet on the GDL surface,
while for a low air ﬂow rate, the droplets increased in size and turned into slugs
(Figure 12).
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4.5 Conclusion
The water droplet emergence, growth, and detachment on GDLs with diﬀerent PTFE
contents are studied under diﬀerent superﬁcial gas velocities. To simulate droplet
behavior in the anode and cathode of an operating PEFC, hydrogen and air were
supplied, respectively, within the gas channel. The following conclusions can be
drawn from this study:
1. Applying PTFE on a raw GDL increases the contact angle signiﬁcantly, but
the contact angle does not change for diﬀerent PTFE contents. Furthermore,
droplets show much more uniform contact angles on treated GDLs compared
to untreated ones. As GDLs are loaded with PTFE, PTFE particles ﬁll the
GDL pores and make the GDL surfaces more uniform with shorter contact
lines between the droplet and ﬁbers.
2. Droplets show slightly lower contact angles on treated aged GDLs compared to
fresh ones. This is an indication of PTFE degradation from the GDL surface.
However, because the average contact angle measured on treated fresh GDLs
(∼ 152◦) and treated aged GDLs (∼ 148◦) are almost similar, it is assumed that
GDL aging does not have any eﬀect on the droplet detachment diameter.
3. The droplet detachment diameter decreases as the PTFE content in the GDL
increases. A high PTFE content within the GDL increases the capillary pressure
liquid water needs to exceed to be able to pass through the GDL pores. The
increased liquid water pressure provides the liquid a path through the pores,
but as liquid water passes through the GDL, its pressure instantly drops. This
results in small droplets emerging from the GDL surface without water columns
underneath to assist adhesion.
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A smaller droplet detachment diameter can also be obtained by a smoother
GDL surface. Droplets tend to detach easily from less rough surfaces. As
PTFE treating makes GDL surfaces smoother, droplets can be detached from
GDLs with a higher amount of PTFE at a smaller diameter.
4. The superﬁcial gas velocity signiﬁcantly aﬀects the droplet detachment diame-
ter. Increasing the superﬁcial gas velocity increases the drag force applied on
the droplet. Therefore, a smaller droplet diameter is required to overcome the
adhesion force keeping the droplet on the GDL surface.
5. It was observed that droplets detach at higher superﬁcial velocities for hydrogen
than for air. Hydrogen’s lower density is the main reason for this eﬀect.
6. It was observed that droplet detachment does not occur on an untreated GDL.
Instead, the droplets slide on its surface all the way to the end of the gas channel.
This results from the lower contact angle (higher surface energy) of the droplets
on untreated GDLs.
7. For a high superﬁcial hydrogen velocity (40 m s−1 - 53.3 m s−1), the PTFE
content in the GDL is not the governing parameter in deﬁning the droplet
detachment diameter. Similar detachment diameters were recorded for GDLs
with two diﬀerent amounts of PTFE.
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Chapter 5
Two-phase ﬂow pressure drop in ﬂow
channels of proton exchange
membrane fuel cells-a review
1
5.1 abstract
Water management in proton exchange membrane (PEM) fuel cells has stimulated
an extensive research on diﬀerent aspects of water transport phenomena. As a PEM
fuel cell operates, power is produced with water and heat as inevitable byproducts.
The water produced during the operation of a PEM fuel cell results in a liquid-
gas two-phase ﬂow in ﬂow channels. A successful PEM fuel cell design requires a
comprehensive knowledge about diﬀerent properties of liquid-gas two-phase ﬂow. One
such property, that has a dominant impact on the performance of a PEM fuel cell,
1The contents of this chapter has been submitted to Renewable and Sustainable Energy Review
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is the two-phase ﬂow pressure drop within the ﬂow channels. This paper reviews the
two-phase ﬂow pressure drop correlations that have been developed for the application
of PEM fuel cell. It also reviews the eﬀect of diﬀerent working conditions on the two-
phase ﬂow pressure drop in PEM fuel cell ﬂow channels.
5.2 Introduction
A proton exchange membrane (PEM) fuel cell is considered to be an eﬃcient and pol-
lutant free energy system that can generate power for various applications (59, 99).
The electrochemical reactions within the electrodes utilize hydrogen and oxygen to
generate electricity with heat and water as the byproducts. Reliable fuel cell perfor-
mance, however, hinges upon a uniform and continuous supply of reactants across the
electrodes. The water produced during the operation of the cell can ﬁll open pores of
the gas diﬀusion layer (GDL) and block the transport of the reactants to the catalyst
layers. This phenomenon is referred to as GDL ﬂooding and has been reported to
extensively deteriorate the performance of the cell (33, 34, 52). Accumulated liquid
water within the GDL emerges from its surface at some preferential locations (54).
The liquid water that emerged from the surface of the GDL can be removed by diﬀer-
ent mechanisms, depending on the gas ﬂow rate and water production rate (5). When
the water removal rate is less than the water production rate, a water lens may form
within the gas channel. The growth of this lens can ultimately clog the gas channel
and block the transport of the reactants to the catalyst layer. This phenomenon is
referred to as channel ﬂooding and similar to GDL ﬂooding, it can lower the overall
performance of the cell (13, 68, 100). A uniform and continuous supply of reactants
across the electrodes can be achieved by acquiring an accurate understanding about
the liquid water behavior within the GDL and gas channel.
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The accumulation of liquid water within the gas channel follows with the formation
of a two-phase ﬂow during the operation of the cell. Channel ﬂooding becomes even
more discernible at low temperatures and/or high current densities in which water
accumulation increases because of water condensation and water production, respec-
tively.
The transport of an elongated water slug within the gas channel may be inﬂuenced
by three forces of gravity, surface tension, and shear force of the core gas ﬂow. Bond
number, Bo = (ρf − ρg)gD2/σ, describes the ratio of the gravity force to the surface
tension eﬀect. The small characteristic length scale associated with the PEM fuel
cell suggests that gravity’s impact on the two-phase ﬂow is insigniﬁcant while surface
tension has a dominant impact. Moreover, the small characteristic length scales
suggest that capillary forces are important to the behavior of liquid surfaces.
Diﬀerent methods of studying the two-phase ﬂow in gas channels can be categorized
as direct and indirect techniques. Direct techniques include monitoring the liquid-gas
ﬂow within the gas channel either through a transparent cell (5, 13, 26–28, 47, 60),
neutron imaging (30, 90), X-ray microtomography (93, 94), or gas chromatography
(91, 92). Bazylak comprehensively reviewed diﬀerent methods of visualizing liquid
water in PEM fuel cell ﬂow ﬁelds (24).
The indirect study of the liquid-gas two phase ﬂow in PEM fuel cells can be accom-
plished by measuring the parameters that are the immediate result of the liquid water
accumulation. One such parameter can be the two-phase ﬂow pressure drop along
the gas channel as the accumulated water resists the gas ﬂow and causes an increase
in the pressure drop. Thus, the two-phase ﬂow pressure drop can be considered as an
in-situ diagnostic tool that can reveal information about the amount of liquid water
accumulated within the gas channel. While a low pressure drop along the ﬂow channel
is desired because of the lower compressor power to supply reactant gases, a mini-
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mum pressure drop along the gas channel should be maintained to ensure condensate
removal from the ﬂow channels. Diﬀerent aspects of liquid-gas two-phase ﬂow in gas
ﬂow channels of PEM fuel cells have been reviewed by Anderson et al. (101).
In this paper, the two-phase ﬂow pressure drop in the PEM fuel cell ﬂow channels is
reviewed. This is achieved ﬁrst by reviewing the two-phase ﬂow patterns and two-
phase ﬂow pressure drop models proposed for general applications. The study is then
followed by focusing on the two-phase ﬂow pressure drop with the application of PEM
fuel cells. In Section 5.3, diﬀerent patterns of two phase ﬂows are introduced. The
models developed to predict the two-phase ﬂow pressure drop are presented in Section
5.4. Section 5.5 focuses on the two-phase ﬂow pressure drop in PEM fuel cells. In
section 5.6 the models that have been proposed for predicting the two-phase ﬂow
pressure drop in PEM fuel cell ﬂow channels are reviewed. The overall conclusions
drawn from this study are presented in section 5.7. It should be added that only
literature with experimental approaches are reviewed in this paper and studies with
computational approaches are not included.
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Nomenclature
Bo Bond number
Bo Modiﬁed Bond number
C Parameter in Lockhart-Martinelli correlation
D Channel diameter
Dh Hydraulic diameter
Fr Froude number
f Fanning friction factor
g gravitational acceleration
G Mass ﬂux ( kgm2s )
jf Superﬁcial liquid velocity
jg Superﬁcial gas velocity
Nconf Conﬁnement number
P pressure
Re Reynolds number
Ref Reynolds number based on superﬁcial liquid velocity, Ref = G(1− x)Dh/μf
v speciﬁc volume
We Weber number
x mass ﬂow quality
X Lockhart-Martinelli parameter
Greek symbols
α void fraction
ρ density
β channel aspect ratio (β < 1)
σ surface tension
φ two-phase ﬂow frictional multiplier, channel inclination angle
μ dynamic viscosity
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Subscript
A acceleration
F frictional
G gravitational
TP two-phase
f saturated liquid
g saturated vapor
z stream wise coordinate
fg diﬀerence between saturated vapor and saturated liquid
fo liquid only
go vapor only
tt turbulent liquid-turbulent vapor
tv turbulent liquid-laminar vapor
vt laminar liquid-turbulent vapor
vv laminar liquid-laminar vapor
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5.3 Two-Phase Flow
Liquid-gas two phase ﬂow is a common type of ﬂow in many industrial applications
such as heat exchangers, condensers, chemical processing plants, air conditioners, and
fuel cells. Two phase ﬂow occurs in diﬀerent patterns depending on the liquid to gas
ratio, the superﬁcial velocity of each phase, the surface characteristics of the chan-
nel, and the channel geometry. The superﬁcial ﬂuid velocity is deﬁned as the bulk
velocity of the ﬂuid ﬂowing within the channel cross-sectional area. In this section,
diﬀerent two phase ﬂow patterns introduced in literature are reviewed. All of the ﬂow
patterns observed both in general application and PEM fuel cell will be introduced.
The section starts with presenting the channel classiﬁcation considered in this paper.
The classiﬁcation has been proposed by Kandlikar (102) and can be considered to
be a sound reference for categorizing small ﬂow channels with engineering applica-
tions. After reviewing diﬀerent patterns of two-phase ﬂow, liquid water transport
mechanisms through and on the surface of the GDL will be introduced.
5.3.1 Channel classiﬁcation
Two-phase ﬂow occurs in many engineering applications with diﬀerent length scales.
The length scale of a channel deﬁnes the forces that can aﬀect the transport mecha-
nism. For instance, the two phase ﬂow in small channels of a compact heat exchanger
is signiﬁcantly aﬀected by the surface characteristics, while the eﬀects of surface char-
acteristics on the two-phase ﬂow passing through a large pipe of a chemical processing
plant is almost negligible. An accurate study of the two-phase ﬂow can only be accom-
plished by assorting ﬂows based on their channel size. Kandlikar (102) has proposed
a channel classiﬁcation that can be used both for single phase and two-phase ﬂows.
The proposed classiﬁcation is based on the channel hydraulic diameter and spans from
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sub-microns to millimeters. According to the classiﬁcation proposed, channels with
hydraulic diameters greater than 3mm are referred to as conventional channels. Fuel
cell gas channels are categorized as minichannels with hydraulic diameters between
200μm and 3mm. The classiﬁcation considers channels with hydraulic diameters be-
tween 10μm and 200μm as microchannels. However, microchannels fall below the
length scale of PEM fuel cell gas channels.
5.3.2 Two-phase ﬂow patterns
Diﬀerent patterns of two-phase ﬂow in minichannels have been well categorized by
Triplett et al. (4). They supplied water and air through circular and semi-triangular
(with one corner smoothed) minichannels of Pyrex with diﬀerent hydraulic diameters
between 1.09mm and 1.49mm. According to their classiﬁcation, the two phase ﬂow
in minichannels can transport in ﬁve diﬀerent patterns, bubbly ﬂow, slug ﬂow, churn
ﬂow, slug-annular ﬂow, and annular ﬂow, as shown in Figure 1. Bubbly ﬂow con-
tains randomly dispersed bubbles with diameters smaller than the channel diameter.
Slug ﬂow includes elongated bubbles and occurs at a lower superﬁcial liquid velocity
compared to bubbly ﬂow. Bubbles can elongate by increasing the superﬁcial gas ve-
locity and/or decreasing the superﬁcial liquid velocity. Churn ﬂow is characterized
by unstable bubbles or wavy annular ﬂow and transits into slug-annular ﬂow at lower
liquid ﬂow rates. The slug-annular ﬂow can be described as wavy-annular ﬂow with
individual waves that do not block the channel. Finally, a dramatic increase in the
superﬁcial gas velocity eliminates the wavy form of the slug-annular ﬂow and results
in annular ﬂow within the gas channel.
Two-phase ﬂow patterns have been extensively studied in other literature (103–117).
Two-phase ﬂow patterns are not limited to the patterns that have been deﬁned by
Triplett et al. (4) in minichannels. For instance in conventional channels, Wambs-
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(a) (b)
(c) (d)
(e)
Figure 5.1: Two phase ﬂow patterns reported by Triplett et al. (4). a) Bubbly
ﬂow jf = 3.021m/s, jg = 0.083m/s b) Slug ﬂow jf = 0.213m/s, jg = 0.154m/s c) Churn
ﬂow jf = 1.205m/s, jg = 4.631m/s d) Slug-annular ﬂow jf = 0.043m/s, jg = 4.040m/s
e) Annular ﬂow jf = 0.082m/s, jg = 73.30m/s
ganss et al. (111) has deﬁned stratiﬁed ﬂow pattern as having a smooth liquid and
gas interface. In this pattern of two-phase ﬂow, liquid ﬂows on the bottom of the
channel because of the gravity. However, it should be mentioned that the two-phase
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ﬂow patterns introduced by Triplett et al. (4) are the main ﬂow patterns that can be
observed in mini-channels.
Zhao and Bi (118) reported that each pattern of two-phase ﬂow has its own pressure
drop proﬁle signature. The bubbly ﬂow, for instance, has minimal pressure drop with
the least pressure oscillation. Annular ﬂow, on the other hand, is reported to have
the maximum pressure drop with moderate pressure oscillation. The high pressure
drop in annular ﬂow originates from the high gas ﬂow rate. Finally, the maximum
pressure oscillation is mentioned to occur in churn ﬂow.
Not all of the ﬂow patterns that have been introduced by Triplett et al. (119) occur in
PEM fuel cell ﬂow channels. For instance, the low superﬁcial liquid velocity in PEM
fuel cell gas channels does not allow the formation of bubbly ﬂow. Similarly, the
formation of churn ﬂow is impossible as it requires a high liquid to gas ratio. Water
transport in the gas channels of PEM fuel cells has been studied and categorized by
Zhang et al. (5). They studied water transport in gas ﬂow channels of a transparent
PEM fuel cell and observed that ﬂow patterns change with superﬁcial gas velocity
and the liquid water production rate. For a low water production rate and a low gas
ﬂow rate, water can spread over hydrophilic channels and drain via channel corners.
When the water production rate is moderate and corner ﬂow is not suﬃcient to remove
liquid water with a comparable rate, corner ﬂow may change into annular ﬁlm ﬂow
within the gas channel. The instability of thick water ﬁlms may turn the annular ﬁlm
ﬂow into slug ﬂow which eventually clogs the channel and shuts oﬀ the cell. Figure 2
shows the three ﬂow patterns of corner ﬂow, annular ﬁlm ﬂow, and slug ﬂow reported
by Zhang et al. (5) Other than these, another pattern of two-phase ﬂow has also been
classiﬁed which is the characteristic of high gas ﬂow rates. For suﬃciently high gas
ﬂow rates, the shear force of the core gas ﬂow can detach water droplets from the
GDL surface to form mist ﬂow.
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Figure 5.2: Two phase ﬂow patterns observed in PEM ﬂow channels reported by
Zhang et al. (5). a) corner ﬂow with emergence of droplets b) annular ﬁlm ﬂow c)
slug ﬂow
The two phase ﬂow map at diﬀerent liquid and gas ﬂow ranges has been investigated
in many studies (4, 6, 7, 12, 13, 15, 18, 95, 103, 104, 106, 118). Lu et al. (6) presented
a ﬂow pattern map for ﬂow ranges of PEM fuel cells, as shown in Figure 3. The map
contains diﬀerent ﬂow patterns that have been identiﬁed by Zhang et al. (5) The
ﬂow pattern map shown in Figure 3 can be used to determine the water transport
mechanism at diﬀerent water and air superﬁcial velocities.
Among diﬀerent two phase ﬂow patterns that occur in PEM fuel cell ﬂow channels,
mist ﬂow is reported to be the most eﬃcient mode of liquid water removal from the
gas channels (6). However, its high pressure drop requirements lowers the overall
eﬃciency of the system. Despite mist ﬂow that requires a high pressure drop, slug
ﬂow occurs at low pressure drop but this pattern of two-phase ﬂow is not desirable
as it can lead to performance degradation because of its low water removal rate (6).
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Figure 5.3: Two-phase ﬂow pattern map reported by Lu et al. (6)
Moreover, slug ﬂow may also lead to ﬂow mal-distribution that is deﬁned as the
accumulation of excess water in one channel while other channels dry out because of
excessive air ﬂow rate (120). Flow mal-distribution has been reported to reduce the
operating lifetime of a fuel cell (121). While mist ﬂow and slug ﬂow are not suitable
modes of liquid water transport in PEM fuel cell ﬂow channels, ﬁlm ﬂow has been
reported to be a desirable mode of liquid water removal as it can be achieved at a
moderate pressure drop and is capable of keeping an appropriate balance between the
produced water and the removed water (6). Furthermore, ﬁlm ﬂow is reported to be
a desirable liquid water transport mode in PEM fuel cells because water transports
along the channel sidewalls instead of the GDL surface (122).
Because slug ﬂow is the most common ﬂow pattern in PEM fuel cells (6), more atten-
tion should be paid to eliminate the issues that arise with this pattern of ﬂow. One
such issue can be the ﬂow mal-distribution with the direct consequences being cur-
rent re-distribution, erratic current ﬂuctuation, and pressure drop ﬂuctuation within
the cell. Flow mal-distribution in PEM fuel cell parallel gas channels has been ex-
tensively investigated (16, 120, 123, 124). The overall conclusion suggests that the
equal pressure drop for multiple parallel gas channels does not necessarily ensure even
92
distribution of gas and liquid phases. This is because diﬀerent combinations of liquid
and gas ﬂow rates can result in the same pressure drop.
5.3.3 Liquid water transport through the porous GDL
In Section 5.3.2, diﬀerent modes of liquid water transport in gas channels of the PEM
fuel cell was reviewed. While researchers have acquired a solid knowledge about water
transport mechanisms within the gas channels of the PEM fuel cell, water transport
mechanisms through the porous structure of GDL is still under discussion. In this
section, some major hypotheses about water transport mechanisms through the GDL
will be introduced.
Nam and Kaviany (35) investigated the distribution of condensed water within the
GDL and suggested that the liquid water transports from the catalyst layer to the gas
channel in a branching type geometry. Based on their model, micro-droplets form in
the condensation site of the catalyst layer and transport into the larger pores of the
GDL, via capillary ﬂow, to form macro-droplets. The capillary transport continues
until a large droplet emerges from the surface of the GDL. This transport mechanism
can be described as tree-like percolation and has been conﬁrmed by Pasaogullari and
Wang (34).
Benziger et al. (2) modeled GDL as a single solid layer which contains parallel
microchannels with diﬀerent diameters. Liquid water passes through the channel
with the largest diameter to yield the minimum breakthrough pressure.
Litster et al. (36) employed ﬂuorescence microscopy to visualize the water trans-
port through the GDL. They postulated that water transport is mostly dominated
by ﬁngering and channeling and does not necessarily follow the capillary tree model
suggested in (34, 35). Bazylak et al. (54) followed the same visualization technique
and observed that droplets emerge from the surface of the GDL at preferential lo-
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cations. These locations were reported to randomly change over time. According to
their observation, the GDL was described as a network of pores that is characterized
by dynamic interconnections of water pathways.
Tamayol and Bahrami (3) modeled the GDL as a network of pores connected by
throats. The throats resist the water transport through the GDL while pores do
not apply any resistance. The GDL model proposed by Tamayol and Bahrami (3)
conﬁrms the transport behavior observed by Bazylak (54).
Diﬀerent models of liquid water transport through the GDL were reviewed. The
tortuous structure of the GDL may justify the possibility of each of these mechanisms.
The results reported in an in-situ study done with synchrotron X-ray radiography
(125) conﬁrms the dynamic transport model proposed by Litster (36) and Bazylak
(24) as well as the branching-type geometry proposed by Pasaogullari and Wang (34)
and Nam and Kaviany (35).
5.4 Two-Phase Flow Pressure Drop Models
The single-phase pressure drop of ﬂuids is well understood and can be predicted
over a wide range of operating conditions. The liquid-gas two-phase ﬂow pressure
drop, however, is not well identiﬁed and has been studied only for a limited range
of operating conditions relevant to particular areas of interest. The physics behind
this type of transport phenomena is very complicated to be modeled with simpliﬁed
mathematical expressions. Therefore, the majority of published works try to improve
the already known expressions by correlating the experimental results.
The two-phase ﬂow pressure drop is the sum of frictional, gravitational and acceler-
ational pressure drop:
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ΔPTP = ΔPTP,F +ΔPTP,G +ΔPTP,A (5.1)
The acceleration pressure gradient is expressed as:
−
(
dP
dz
)
A
= G2
d
dz
[
vgx
2
α
+
vf(1− x)2
(1− α)
]
(5.2)
where mass ﬂow quality, x, is deﬁned as:
x =
Gg
Gg +Gf
(5.3)
The void fraction α is the gas hold-up in the liquid stream and can be measured by
diﬀerent methods, such as constant electric current method (126), quick closing valve
(103), and even image analysis (105, 106). Zivi (127) expressed void fraction as a
function of mass ﬂow quality, x, and liquid and gas density:
α =
[
1 +
(
1− x
x
)(
ρg
ρf
)2/3]−1
(5.4)
It has been shown that for low liquid and gas superﬁcial velocities, the acceleration
pressure drop incorporates a small fraction of the overall two-phase ﬂow pressure drop
(119), while the acceleration pressure drop becomes signiﬁcant at high superﬁcial
velocities (119, 128).
For an inclined channel with the inclination angle of φ, the gravitational pressure
gradient can be expressed as:
−
(
dP
dz
)
G
= [αρg + (1− α)ρf ] g sinφ (5.5)
For a horizontal channel, this angle will equal zero and the overall gravitational pres-
sure gradient will be zero. Gravitational pressure gradient has a signiﬁcant contribu-
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tion to the overall pressure drop in macro-channels and becomes even more dominant
in low mass velocities. For mini/micro channels, however, the dominant impact of
surface tension diminishes the gravitational eﬀects.
The two-phase ﬂow frictional pressure drop is generally predicted based on two dif-
ferent approaches, depending on how each phase of ﬂuid is treated. In one approach,
the two-phase mixture is considered as a pseudo single phase ﬂuid with properties
such as viscosity and density weighted to the quality. This model is known as the
homogeneous equilibrium model (also referred to as the viscosity model) and has been
proven to give a more accurate prediction at higher mass qualities (7, 20, 110). In the
other method, the two-phase pressure drop corresponds to the single-phase pressure
drop multiplied by a two-phase ﬂow frictional multiplier, φ. This method is known as
the separated ﬂow model and was originally introduced by Lockhart and Martinelli
in 1949 (129).
Much research has been done to compare the experimentally measured frictional two-
phase ﬂow pressure drops with those predicted by homogeneous and/or separated
ﬂow models. Table 5.1 lists some studies doing such comparisons.
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Table 5.1: Literature comparing the predicted and measured two-phase ﬂow pressure drops
Author Channel geometry 2 Channel material Dh(mm) Fluids Mass ﬂux
kgm−2s−1
Bao (1994) (130) C, UV, H Glass and copper glass (0.74-3.07) Air-water water 7-2400
copper (1.98) glycerin water mixture air 0.18-60
Chang (1996) (131) C, H Copper 1.2, 1.6 pure R-32, R-125, R-134A 3980-9370
and their mixture
Yan (1998) (132) C, H Not Speciﬁed 2 R-134A 50-200
Wang (2000) (115) C, H Copper 3.17 Air-water 50-700
Wang (2001) (133) C, H Not Speciﬁed 3-9 R-22, R-407C, R-410A 50-700
Zhao (2001) (118) T, UV Lucite 0.886-2.886 Air-water water 10-10,000
Air 0.12-120
Chen (2001) (134) C, H Copper Air-water (1.02-7.02) Air-water Air-water
(50-3000)
R-410A (3.17-9) R-410A R-410A (50-600)
Zhang (2001) (135) C, H Aluminum, copper Al (2.13) R-134A, R-22, R-404A 200-1000
Copper (3.25, 6.25)
Kawahara (2002) (105) C, H Fused silica 0.1 de-ionized water-nitrogen water 20-4000
nitrogen 0.12-72
Yu (2002) (136) C, H stainless steel 2.98 water, ethylene glycol 50-200
and mixture
Bandarra Filho (2004) (137) C, H Copper 6.24-8.92 R-134A 70-1100
Greco (2004) (138) C, H Stainless steel 6 R-22, R-507 250-286
Wongsa-ngam (2004) (139) C, H Copper 8.12 R-134A 400-800
Choi (2005) (140) C, H stainless steel 1.5, 3 R-410A, R-407C 300-600
Wongwises (2006) (103) C, H, inclined (30◦, 60◦) acrylic glass 8 Air-water water 69-6020
Air 0.026-78.6
Pehlivan (2006) (141) C, H borosilicate glass 0.8-3 Air-water Water 20-1000
Air 12-120
Chen (2007) (142) R, H Transparent acrylic resin 3-5 Air-water 100-700
Mauro (2007) (143) C, H Stainless steel 6 R-22, R-134A 190-1150
R-410A, R-417A
R-404A, R-507A
R-407C
Lee (2008) (144) C, H Teﬂon, Glass 1.62-2.16 Air-water water 6-154
polyurethane
Air 0.05-0.65
Saisorn (2008) (104) C, H Fused silica 0.53 Air-water Water 5-3040
Air 0.44-19.2
C: circular, R: rectangular, T: triangular, UV: upward vertical, H: horizontal
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Table 5.1: Literature comparing the predicted and measured two-phase ﬂow pressure drops, continue
Author Channel geometry 3 Channel material Dh(mm) Fluids Mass ﬂux kgm−2s−1
Choi (2008) (128) C, H Stainless steel 1.5, 3 R-410A 300-600
Tran (2000) (145) C, R, H Brass (R-134A, R-12) C (2.46, 2.92) R-134A, R-12, R-113 R-134A 33-502
Stainless steel (R-113) R (2.39) R-12 44-832
R-113 50-400
da Silva Lima (2009) (146) C, H stainless steel 14 R-717 (ammonia) 50-160
Hu (2009) (147) C, H Not speciﬁed 2, 4.18 R-410A, oil 200-620
Kaew-On (2009) (148) R, H Aluminum 3.48 R-410A 200-400
Quiben (2009) (149) C, ﬂattened, H copper C (8-13.84) R-22, R-410A 150-500
Flattened (3.71-5.35)
Choi (2011) (114) R, H Photosensitive glass 0.143-0.49 water-nitrogen gas Liquid 66-1000
Gas 0.07-80
Venkatesan (2011) (113) C, H Silica glass 0.6-3.4 Air-water Water 10-3000
Gas 0.01-60
Wu (2011) (150) C, H stainless steel 1.42 CO2 300-600
Saisorn (2011) (151) C, H Fused silica 0.15, 0.53 Air-water Not speciﬁed
C: circular, R: rectangular, T: triangular, UV: upward vertical, H: horizontal
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5.4.1 Homogeneous Equilibrium Model
In the homogeneous equilibrium model the two-phase mixture is treated as a pseudo
single-phase ﬂuid and the properties are mean weighted relative to each liquid and
gas content. Because it is assumed that the liquid and gas phases are moving at the
same speed, this model has also been named the zero slip model. According to the
homogeneous method, the two-phase ﬂow pressure drop can be calculated by:
(
dP
dz
)
TP
=
2fTPG
2
DhρTP
(5.6)
where the two-phase friction factor, fTP, depends on the two-phase ﬂow Reynolds
number, ReTP:
fTP =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
16
ReTP
for ReTP < 2000
0.079Re−0.25TP for 2000  ReTP < 20, 000
0.046Re−0.2TP for ReTP  20, 000
(5.7)
The two-phase Reynolds number is calculated based on the two-phase mixture vis-
cosity, μTP:
ReTP =
Gdh
μTP
(5.8)
Diﬀerent models of two-phase viscosity have been introduced (152–158) and are well
discussed and compared (159–162). Table 5.2 lists some of the two-phase viscosity
models that have been introduced.
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Table 5.2: Two-phase viscosity model
Author Equation
McAdams et al.(152)
1
μTP
=
x
μg
+
1− x
μf
Akers et al.(153) μTP =
μf
[(1− x) + x(vg
vf
)0.5]
Cicchitti et al. (154) μTP = xμg + (1− x)μf
Owens (155) μTP = μf
Dukler et al.(156) μTP =
xvgμg + (1− x)vfμf
xvg + (1− x)vf
Beattie and Walley (157) μTP = βμg + (1− β)(1 + 2.5β)μf
β =
ρfx
ρfx+ ρg(1− x) (here β is not the aspect ratio)
Lin et al. (158) μTP =
μfμg
μg + x1.4(μf − μg)
In Equation 5.6, ρTP is the density of the pseudo ﬂuid and is given by:
ρTP = (
x
ρg
+
1− x
ρf
)−1 (5.9)
For rectangular channels and for laminar ﬂow, the two-phase friction factor, fTP , can
also be obtained by (163):
fTPReTP = 24[1− 1.3553β + 1.9467β2 − 1.7012β3 + 0.9564β4 − 0.2537β5] (5.10)
100
where β is the aspect ratio of the channel and is deﬁned as the ratio of the width to
the height of the channel.
The accuracy of the homogeneous ﬂow model in predicting the two-phase ﬂow pressure
drop was examined by Triplett et al (119). It has been reported that although the
homogeneous ﬂow model can appropriately predict the pressure drop for bubbly and
slug ﬂows, it results in signiﬁcant deviation from the actual pressure drop in slug-
annular and annular ﬂow patterns. Even at a low Reynolds number, such as 70, the
homogeneous ﬂow model was observed to over-predict the pressure drop.
5.4.2 Separated Flow Model
In the separated ﬂow model, the two-phase ﬂow pressure drop is predicted based on
the pressure drop of one phase multiplied by the two-phase frictional multiplier:
(
dP
dz
)
TP
= φ2f
(
dP
dz
)
f
(5.11)
where φ2f is the two-phase frictional multiplier based on liquid and has been reported
to depend on the ﬂow pattern (164). The Martinelli parameter, X, is deﬁned as:
X =
[(
dP
dz
)
f
/
(
dP
dz
)
g
]1
2
(5.12)
This model was followed by Chisholm (19) by introducing the Chisholm parameter,
C. The Chisholm parameter is used to deﬁne the frictional multiplier:
φ2f =
(
dP
dz
)
TP(
dP
dz
)
f
= 1 +
C
X
+
1
X2
(5.13)
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The original concept of the Chisholm correlation (Eq. 5.13) came from the fact that
the two-phase ﬂow pressure drop is equal to the sum of the pressure drop for each of
the phases of liquid and gas and the interaction between these two phases:
(
−dp
dz
)
TP
=
(
−dp
dz
)
f
+
(
−dp
dz
)
g
+ C
[(
−dp
dz
)
f
(
−dp
dz
)
g
]1
2
(5.14)
The Chisholm parameter, C, is a measure of the interaction between two phases, and
similar to the frictional multiplier, it has been reported to depend on the ﬂow regime
(164). Table 5.3 lists the values of the Chisholm parameters depending on the ﬂow
regimes of liquid and gas phases (19).
Table 5.3: Values of Chisholm parameter (19)
Two-phase ﬂow characteristics Chisholm’s parameter C
Laminar liquid-laminar gas 5
Turbulent liquid-laminar gas 10
Laminar liquid-turbulent gas 12
Turbulent liquid-turbulent gas 21
Many studies have investigated the two-phase ﬂow pressure drop for diﬀerent applica-
tions based on the separated ﬂow model. Table 5.4 lists some of the proposed pressure
drop correlations based on the separated ﬂow model.
Friedel (165) used 25,000 data points of pressure drops in horizontal pipes with di-
ameters greater than 44mm and correlated φ2f with gravity, surface tension, and total
mass ﬂux using Froud and Weber numbers, as given in Table 5.4.
Müller-Steinhagen and Heck (166) proposed a new correlation for the two-phase ﬂow
frictional pressure drop by considering 9300 data points for diﬀerent ﬂuids passing
through the channels with diameters ranging from 4mm to 392mm. Their correlation
has been known as a reliable frictional pressure drop model that provides minimal
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deviation from the actual pressure drop compared to other existing correlations (106,
159, 167, 168).
Most of the early studies done on the two-phase ﬂow pressure drop were based on the
pressure drop measured in channels with large hydraulic diameters. The correlations
proposed in those studies proved to yield an inferior prediction of pressure drop in re-
cently developed micro-scale devices. As the channel size decreases from conventional
channel to mini-/micro-channels, the surface tension eﬀects become more dominant
and the gravity becomes less important. Most of the studies focusing on the two-
phase ﬂow pressure drop in mini/micro channels concentrate on a speciﬁc application
such as compact heat exchangers, refrigeration systems, or microtube condensers.
Lowry and Kawaji (112) were among the ﬁrst researchers who studied the two-phase
ﬂow pressure drop in minichannels. They investigated the variation of φ2 with dimen-
sionless gas velocity and concluded that although the two-phase frictional multiplier
strongly depends on dimensionless gas velocity, it is relatively independent of super-
ﬁcial liquid velocity and channel size.
Jung and Radermacher (169) ran a considerable number of experiments with both
pure and mixed refrigerants ﬂowing within stainless steel tubes with a diameter of
9.1mm and developed a simple correlation for predicting the two-phase ﬂow pressure
drop based on Martinelli’s parameter. In their correlation, the two-phase frictional
multiplier depends on quality and reduced pressure, as given in Table 5.4.
Ide and Matsumura (110) studied the eﬀects of channel geometry on the two-phase
ﬂow pressure drop in rectangular channels. They used channels with diﬀerent as-
pect ratios, hydraulic diameters, and inclination angles and found that the Lockhart-
Martinelli method does not accurately predict the experimental results with low liquid
superﬁcial velocities and high inclination angles. They used the separated ﬂow model
and proposed a correlation that predicts the frictional pressure drop as a function
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of channel aspect ratio, inclination angle, Reynolds number, and void fraction. The
pressure drop correlation that they proposed is given in Table 5.4.
Many eﬀorts have been made to modify the Chisholm parameter to make the pre-
dicted pressure drop closer to the actual value measured experimentally. Mishima and
Hibiki (170) studied two-phase ﬂow of air and water in round capillary tubes with
diameters ranging from 1mm to 4mm. They noticed that the Chisholm parameter
should also be a function of channel diameter, rather than just the two-phase ﬂow
pattern. They studied the variation of the two-phase ﬂow multiplier as a function
of the Lockhart-Martinelli parameter for diﬀerent diameters and observed that the
Chisholm parameter decreases with the tube diameter. This led them to propose a
modiﬁed Chisholm parameter that takes into account the diameter of the channel.
For circular channels, the Chisholm parameter was proposed to be calculated by:
C = 21(1− e−0.333D) (5.15)
where D is the channel diameter in meters. For rectangular channels, the Chisholm
parameter was recommended to be obtained by the following equation:
C = 21(1− e−0.319Dh) (5.16)
where Dh is the hydraulic diameter.
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Table 5.4: Two-phase frictional pressure gradient correlation
Author Equation Setup
Lockhart and Martinelli (129)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f , φ
2
f = 1 +
C
X
+ 1
X2
D = 1.49− 25.83mm
X2 =
(
dP
dz
)
f(
dP
dz
)
g
, Cvv, Ctv, Cvt, and Ctt as given in Table 5.3 water, oils, hydrocarbon
Friedel (165)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f D > 4mm
φ2f = (1 − x)2+x2
(
vg
vf
)(
fgo
ffo
)
+3.24x0.78 (1 − x)0.224
(
vg
vf
)0.91 (
μg
μf
)0.19 (
1 − μg
μf
)0.7
Fr−0.045TP We
−0.035
TP air-water, air-oil, R12
FrTP =
G2
gDhρ
2
h
, WeTP =
G2Dh
σρH
, ρH =
1
xvg + (1− x)vf
Müller-Steinhagen and Heck
(166)
(
dP
dz
)
TP,F
=
[(
dP
dz
)
f
+ 2
[(
dP
dz
)
g
−
(
dP
dz
)
f
]
x
]
(1− x)1/3 +
(
dP
dz
)
g
x3 D = 4− 392mm
air-water, hydrocarbons
refrigerants
Jung and Radermacher (169)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f , φ
2
f = 12.82X
−1.47
tt (1− x)1.8 D = 9.1mm
Xtt =
(
μf
μg
)0.1 (1− x
x
)0.9 (ρg
ρf
)0.5
pure and mixed refriger-
ants
Ide and Matsumura (110) φf = C(θ)Re−mfo χtt
[
(β + 1)(β + α)
[β + 2(1− α)]2
]−0.625 [ α
(1− α)2
]1.5
D = 7.3− 21.4mm
χtt is the Lockhart-Martinelli parameter for turbulent liquid and gas ﬂow turbulent air-water
m = 0.3, C(θ) = 0.57 + 2.07× 10−2θ − 1.818× 10−4θ2 Dh > 10mm
m = 1.0, C(θ) = 170 + 11.18θ − 9.63× 10−2θ2 Dh < 10mm
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Table 5.4, continue: Two-phase frictional pressure gradient correlation, Continue
Author Equation Setup
Wambsganss et al. (171)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f , φ
2
f = 1 +
C
X
+ 1
X2
Dh = 5.44mm
C = f(X,Refo) = aX
b, a = −2.44 + 0.00939Refo, b = −0.938 + 0.000432Refo air-water
Wang et al. (164) For G  200kg/m2s,
(
dP
dz
)
TP,F
=
(
dP
dz
)
g
φ2g, φ2g = 1 + 9.4X0.62 + 0.564X2.45 D = 6.5mm
For G < 200kg/m2s,
(
dP
dz
)
f
=
(
dP
dz
)
f
φ2f , φ
2
f = 1 +
C
X
+
1
X2
R22, R134a, R407C
C = 4.566× 10−6X0.128Re0.938fo
(
vf
vg
)2.15 ( μf
μg
)5.1
Zhang and Webb (135) φ2f = (1− x)2 + 2.87x2
(
P
Pc
)−1
+ 1.68x0.8 (1− x)0.25
(
P
Pc
)−1.64
Dh = 2.13mm
R-134a, R22, R404a
Mishima and Hibiki (170)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f , φ
2
f = 1 +
C
X
+
1
X2
D = 1.05− 4.08mm
For rectangular channel, C = 21[1− exp(−319Dh)]
For circular tube, C = 21[1− exp(−333D)]
Yang and Webb (172)
(
dP
dz
)
TP,F
= −0.87Re0.12eq ffo
G2eqvf
Dh
, Reeq =
GeqDh
μf
, Geq = G
[
(1− x) + x( ρf
ρg
)0.5
]
Dh = 1.56− 2.64mm
R12
Yan and Lin (132)
(
dP
dz
)
TP,F
= −0.22Re−0.1eq
G2eqvf
Dh
D = 2mm
R134a
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Table 5.4, continue: Two-phase frictional pressure gradient correlation, Continue
Author Equation Setup
Tran et al. (145)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f , Nconf =
√
σ
g(ρf − ρg)D2
D = 2.4− 2.92mm
φ2f = 1 +
[
4.3
(dP/dz)go
(dP/dz)fo
− 1
] [
Nconfx
0.875(1− x)0.875 + x1.75] refrigerants
Chen et al. (134)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f,Friedel
Ω, Bo = g (ρf − ρg)
(Dh/2)
2
σ
D = 1.02− 9mm
for Bo < 2.5,Ω =
0.0333Re0.45fo
Re0.09g (1 + 0.4exp(−Bo))
air-water, R410A, ammo-
nia
For Bo  2.5, Ω =
We0.2TP
(2.5 + 0.06Bo)
Lee and Lee (173)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f , φ
2
f = 1 +
C
X
+
1
X2
, ψ =
μfjf
σ
, λ =
μ2f
ρfσDh
Dh = 0.78− 6.67mm
C = AλqψrResfo air-water
For laminar liquid-laminar gas ﬂow A = 6.833× 10−8, q = −1.317, R = 0.719, S = 0.557
For laminar liquid-turbulent gas ﬂow A = 6.185× 10−2, q = 0, R = 0, S = 0.726
Saisorn and Wongwises (106)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f , φ
2
f = 1 +
C
X
+
1
X2
, ψ =
μfjf
σ
, λ =
μ2f
ρfσDh
D = 0.15− 0.53mm
C = 7.599× 10−3λ−0.631ψ0.005Re−0.008fo air-water
Yu et al. (136)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f , φ
2
f =
[
18.65
(
vf
vg
)0.5 (1− x
x
)
Re0.1g
Re0.5f
]−1.9
D = 2.98mm
water and ethylene glycol
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Table 5.4, continue: Two-phase frictional pressure gradient correlation, Continue
Author Equation Setup
Hwang and Kim (174)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f , φ
2
f = 1 +
C
X
+
1
X2
, C = 0.227Re0.452fo X
−0.32N−0.82conf D = 0.244− 0.792mm
R134a
Sun and Mishima (167) For Ref < 2000 and Reg < 2000 Dh = 0.506− 12mm(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f = 1 +
C
X
+
1
X2
air-water, refrigerants
C = 26
(
1 +
Ref
1000
)[
1− exp
( −0.153
0.27Nconf + 0.8
)]
For Ref  2000 or Reg  2000
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f = 1 +
C
X
+
1
X2
, C = 1.79
(
Reg
Ref
)0.4
(
1− x
x
)0.5
Li and Wu (175)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f = 1 +
C
X
+
1
X2
, Bo =
g (ρf − ρg)D2h
σ
Dh = 0.148 − 3.25mm re-
frigerants, ammonia
For Bo  1.5, C = 11.9Bo0.45 refrigerants, ammonia
For 1.5 < Bo  11, C = 109.4(BoRe0.5f )−0.56
Li and Wu (176) For Bo < 0.1 Dh = 0.148− 3.25mm(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f , φ
2
f = 1 +
C
X
+
1
X2
, C = 5.60Bo0.28 refrigerants, ammonia
For Bo  0.1 and BoRe0.5f  200(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2fo, φ
2
f = (1− x)2 + 2.87x2P−1R + 1.54Bo0.19
(
ρf − ρg
ρH
)0.81
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Table 5.4, continue: Two-phase frictional pressure gradient correlation, Continue
Author Equation Setup
Zhang et al. (177)
(
dP
dz
)
TP,F
=
(
dP
dz
)
f
φ2f , φ
2
f = 1 +
C
X
+
1
X2
, C = 21[1− exp (−0.142/Nconf)] Dh = 0.07− 6.25mm
air-water, refrigerants,
ammonia
Lee and Mudawar (160) φ2f = 1 +
C
X
+
1
X2
Dh = 348μm
For laminar liquid-laminar gas ﬂow, C = 2.16Re0.047fo We
0.60
fo R134a
For laminar liquid-turbulent gas ﬂow, C = 1.45Re0.25fo We
0.23
fo
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The Chisholm parameter was further improved by Lee and Lee (173) when they mea-
sured the two-phase ﬂow pressure drop of water and air in horizontal rectangular
channels with hydraulic diameters ranging from 0.78mm to 6.6mm. The modiﬁed
Chisholm parameter they proposed was a function of ﬂow conditions and ﬂuid prop-
erties:
C = AλqψrResf (5.17)
λ =
μ2f
ρfσDh
, ψ =
μf(Ug + Uf)
σ
, Ref =
ρfUfDh
μf
(5.18)
with A, q, r, and s given in Table 5.4. They claimed that their proposed correlation
covers a wider range of Lockhart Martinelli parameters and Reynolds numbers based
on superﬁcial liquid velocity, Refo, compared to the correlation that has been proposed
by Wambsganss et al. (171)
Saisorn and Wongwises (106) performed a similar study to Lee and Lee (173) but
in smaller circular channels with diameters between 0.15mm and 0.53mm. They
proposed a modiﬁed Chisholm parameter based on data regression analysis on 285
data points:
C = 7.599× 10−3λ−0.631ψ0.005Re−0.008f (5.19)
Because the exponent of the Reynolds number in their proposed correlation was small,
they argued that the C parameter does not strongly depend on the superﬁcial liquid
velocity.
Sun and Mishima (167) compared diﬀerent correlations and models that predict the
two-phase ﬂow frictional pressure drop (129, 135, 145, 160, 165, 166, 170, 173, 178).
They used data points for diﬀerent ﬂuids passing through channels with hydraulic
diameters ranging from 0.506mm to 12mm. Among the diﬀerent models they eval-
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uated, the Lockhart-Martinelli method (129), Mishima and Hibiki correlation (170),
and Lee and Mudawar correlation (160) were found to give the best pressure drop
predictions. For the turbulent region, the Müller-Steinhagen and Heck correlation
(166) was found to provide the best prediction of the two-phase ﬂow frictional pres-
sure drop. They also proposed modiﬁed Chisholm parameters for both laminar and
turbulent ﬂows. For laminar ﬂow, they noticed that the Chisholm parameter depends
on the Laplace number as well as the Reynolds number:
C = 26
(
1 +
Ref
1000
)
[1− exp
( −0.153
0.27× La+ 0.8
)
] (5.20)
where La is the Laplace number and is deﬁned as:
La =
(
σ
g (ρf − ρg)
)0.5
D
(5.21)
For turbulent ﬂow, they proposed a modiﬁed Lockhart-Martinelli correlation as well
as a modiﬁed Chisholm parameter as a function of Ref , Reg, and quality, x:
φ2f = 1 +
C
X1.19
+
1
X2
(5.22)
C = 1.79(
Reg
Ref
)0.4(
1− x
x
)0.5 (5.23)
So far, the two-phase ﬂow pressure drop is reviewed for general applications. The
literature review presented here indicates that most of the eﬀorts done in predicting
the two-phase pressure drop based on the separated ﬂow model has been achieved by
modifying the Chisholm parameter for a better ﬁt of the results. The applications of
the two-phase ﬂow spans a wide range of working conditions. An accurate knowledge
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of the two-phase ﬂow pressure drop can be obtained by identifying the working con-
dition of each particular application separately. In Section 5.5, the two-phase ﬂow
pressure drop is studied for PEM fuel cell applications. The section reviews the eﬀect
of diﬀerent working conditions of a PEM fuel cell on the two-phase ﬂow pressure drop
within the channels.
5.5 Pressure Drop with PEM Fuel Cell Application
In this section, the two-phase ﬂow pressure drop in PEM fuel cell ﬂow channels is
reviewed. The two-phase ﬂow in PEM fuel cells has some unique characteristics, such
as small length scales, a special liquid water introduction mechanism into the gas
channel, and diﬀerent surface energies of the channel walls. The small length scale of
PEM fuel cell gas channels diminishes the eﬀects of gravity on the two-phase ﬂow and
makes the surface tension eﬀects more dominant. This is diﬀerent from macro-scale
channels where gravity has a dominant eﬀect on the two-phase ﬂow. Furthermore,
in PEM fuel cells, liquid water is continuously produced in the catalyst layer and
is introduced into the gas channel through the porous GDL. The water emergence
from the surface of the GDL within the gas channel occurs at preferential locations.
This water introduction mechanism is diﬀerent from what happens in conventional
channels where the two phases are usually introduced and mixed at the inlet of the
channel. Moreover, the two-phase ﬂow in PEM fuel cells occurs in channels with
GDL as one of the walls and graphite or metal as the other three walls. This yields
diﬀerent surface characteristics of the walls that bind the two-phase ﬂow in PEM
fuel cells. Also the channel corners may aﬀect the water transport mechanism if the
Concus-Finn condition is met (179). Finally, the non-uniform GDL intrusion into
the gas channels may aﬀect the two-phase ﬂow pressure drop in PEM fuel cell gas
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channels. Because the cell compression is not uniform in the plane of the ﬂow ﬁeld,
the GDL intrusion into the gas channel will not be also uniform. The GDL intrusion
near the edges of the ﬂow ﬁeld is greater than the GDL intrusion in the central region
of the cell. This leads to a higher pressure drop in the side channels compared to the
interior channels and therefore results in a nonuniform pressure drop over the ﬂow
channels.
In this section, the eﬀect of diﬀerent PEM fuel cell working conditions on the two-
phase ﬂow pressure drop in fuel cell gas channels is reviewed. Pressure drop hysteresis,
deﬁned as the pressure drop while the gas ﬂow rate is increased and then decreased, is
also discussed. The section ends with reviewing the models that have been proposed
for predicting the two-phase ﬂow pressure drop in PEM fuel cell gas channels. Table
5.5 lists the literature that has studied the two-phase ﬂow pressure drop in PEM fuel
cell gas channels.
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Table 5.5: Literatures studying the pressure drop in PEM fuel cells
Author Area of Focus Experiment Type Major Conclusion
Rodatz (180) Fuel cell stack operation in situ The pressure drop is observed to decrease with the cell’s cur-
rent density.
Barbir (181) The ﬂooding and drying phenomenon in PEM
fuel cell
in situ Flooding or drying can be diagnosed by monitoring the pres-
sure drop and resistance simultaneously.
Trabold (122) Liquid water accumulation in situ Pressure drop has been employed as a diagnostic tool to study
the water accumulation. While the pressure drop was observed
to signiﬁcantly increase in the cathode, it has been observed
that it slightly changes in the anode.
Allen (182) The role of capillary on two phase ﬂow ex situ Pressure drop is used to describe ﬂow patterns.
English (20) Two phase ﬂow pressure drop in PEM fuel cell ex situ A pressure drop correlation based on LM method is proposed.
Ma (183) Liquid water accumulation in cathode in situ The pressure drop results can be used to determine the proper
gas velocity required to remove liquid water.
Yamada (184) The location and magnitude of electrode ﬂood-
ing
in situ The pressure drop measured during ﬂow ﬁeld switch from par-
allel to interdigitated indicates the level of GDL ﬂooding.
Ge (79) Water formation and transport in anode in situ Anode pressure drop is used to evaluate water transport be-
tween anode and cathode during the operation of the cell.
Liu (8) Liquid water accumulation in situ The existence of water is found to be the main reason of pres-
sure drop in the ﬂow channels.
Liu (185) Design ﬂow channels with eﬀective water re-
moval
in situ Pressure drop is used to design ﬂow channels with eﬀective
water removal.
Zhang (15) Two-phase ﬂow in parallel gas channels of
PEM fuel cell
ex situ A negative slope in pressure drop vs. superﬁcial gas veloc-
ity indicates a ﬂow pattern change from a non-uniform to an
uniform pattern.
Ito (186) Water saturation in GDL in situ The diﬀerential pressure drop between the inlet and outlet of
an interdigitated cell can be used to estimate the level of water
saturation within the GDL.
Zhang (16) Two phase ﬂow in parallel square minichannels
at diﬀerent orientation
ex situ Pressure drop increases with the inclination angle.
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Table 5.5, continue: Literatures studying the pressure drop in PEM fuel cells
Reference Area of Focus Experiment Type Major Conclusion
Kandlikar (187) GDL intrusion due to the cell compression ex situ The GDL intrusion should be considered.
Hussaini (13) Cathode ﬂooding of an operating cell working
at diﬀerent relative humidities, current densi-
ties, and ﬂow stoichiometries
in situ Two phase ﬂow pressure drop is utilized as a diagnostic tool
that describes the amount of liquid water in gas channel.
Lu (6) Two phase ﬂow in gas channels for diﬀerent air
and water ﬂow rates
ex situ A large ﬂuctuation in the pressure drop is noted for the slug
ﬂow, moderate oscillation for ﬁlm ﬂow and minimal ﬂuctua-
tion for mist ﬂow.
Yu (188) Two-phase ﬂow pressure drop proﬁles for dif-
ferent ﬂow patterns in anode
ex situ The pressure drop results indicate that the annular purge is
more appropriate for removing liquid water in anode.
Hsieh (189) Cathode pressure drop of PEM fuel cell with
four diﬀerent ﬂow ﬁelds
in situ The interdigitated ﬂow channel yields the highest pressure
drop compared to serpentine, parallel and mesh conﬁguration.
Grimm (7) Two phase ﬂow in channel bounded with GDL ex situ Correlations were proposed for slug, ﬁlm and mist ﬂow.
Kandlikar (124) The ﬂow maldistribution in individual chan-
nels along the entrance region
in situ/ex situ A new technique is proposed to calculate instantaneous ﬂow
in each channel based on the measured pressure drop.
Akhtar (10) Water transport mechanism in diﬀerent chan-
nel geometries
ex situ The pressure drop is used to deﬁne the optimum channel ge-
ometry in terms of liquid water removal.
Chen (123) Two phase ﬂow in PEM fuel cell parallel chan-
nels with porous media insert
ex situ The porous insert causes a four-fold pressure drop compared
to hollow channels.
Chen (190) liquid water removal characteristics in parallel
channels
ex situ The dominant frequency of the pressure drop may be used as
a diagnostic tool for water removal.
Anderson (11) The eﬀects of ﬂow stoichiometry, GDL proper-
ties, and the initial water balance in gas chan-
nel on the two-phase ﬂow pressure drop hys-
teresis
ex situ Two phase ﬂow pressure drop hysteresis disappears at stoi-
chiometries of 5 and higher. Initial water balance aﬀects the
hysteresis pattern.
Anderson (191) Two-phase ﬂow pressure drop hysteresis for
diﬀerent temperatures, air stoichiometries,
and GDL
ex situ The pressure drop hysteresis becomes less signiﬁcant at higher
temperatures.
Dillet (192) The water droplet appearance and transport
in the gas channel
in situ Clogging and unclogging can be detected by monitoring the
pressure drop and cell voltage simultaneously.
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Table 5.5, continue: Literatures studying the pressure drop in PEM fuel cells
Reference Area of Focus Experiment Type Major Conclusion
Spernjak (193) Water accumulation in diﬀerent ﬂow ﬁeld in situ Monitoring the pressure drop, current density, and water vol-
ume simultaneously can be used to identify three stages of
water evolution.
Lu (12) Eﬀect of channel surface wettability, cross-
sectional geometry and orientation on the two-
phase ﬂow in parallel gas channels
ex situ Sinusoidal channel results in lower pressure drop than rectan-
gular and trapezoidal. Hydrophilic channel surface has lower
two phase ﬂow multiplier at lower superﬁcial gas velocity.
Blanco (14) The use of a perforated stainless steel sheet
as an additional layer in cathode to improve
water transport at dry condition
in situ Pressure drop is used to evaluate water transport between
anode and cathode.
Colosqui (194) Droplet growth, detachment, and transport ex situ Monitoring the pressure drop over time is used to describe
drop and slug formation.
Zhang (18) Two phase ﬂow in gas channel with GDL as
one of the walls
ex situ A pressure drop correlation based on LM method is proposed.
Anderson (17) Two phase ﬂow pressure drop hysteresis at dif-
ferent air stoichiometry, temperature, and in-
clusion of MPL
in situ The modiﬁed LM approach given in (18) can predict the two-
phase ﬂow pressure drop in an ascending approach.
Radhakrishnan The pressure drop in parallel and serpentine
ﬂow ﬁeld for GDLs with diﬀerent compressions
ex situ While GDL compression does not change the pressure drop
signiﬁcantly in parallel ﬂow ﬁeld, it causes a signiﬁcant pres-
sure drop increase in serpentine ﬂow ﬁeld.
(195)
Jiao (196) The eﬀects of the start-up temperature and
load condition on the cold start of PEM fuel
cell
in situ The ice blockage in ﬂow channel and GDL leads to a signiﬁcant
pressure drop through cathode ﬂow ﬁled.
Taccani (197) The eﬀect of ﬂow ﬁled geometry of high tem-
perature benzimidazole PEM fuel cell on the
overall performance
in situ The serpentine ﬂow ﬁeld results in higher pressure drop than
the parallel ﬂow ﬁeld.
Bachman (198) The eﬀect of channel length on cell perfor-
mance for serpentine ﬂow ﬁeld
in situ Although longer gas channel exhibit larger pressure drop, it
shows a more stable cell performance compared to shorter
channels.
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5.5.1 Two-phase ﬂow pressure drop for diﬀerent ﬂow patterns
in PEM fuel cell
Diﬀerent from single-phase ﬂow in which each ﬂow rate results in a speciﬁc pressure
drop, a particular two-phase pressure drop can be obtained from diﬀerent combina-
tions of liquid and gas ﬂow rates. The two-phase pressure drop can be correlated to
the ﬂow pattern within the gas channel. Grimm et al. (7) studied the two-phase ﬂow
pressure drop in a simulated PEM fuel cell gas channel by providing air and water
at diﬀerent ﬂow rates corresponding to slug ﬂow, ﬁlm ﬂow and mist ﬂow. Figure 4
shows the pressure drop they measured at diﬀerent ﬂow patterns. The two-phase ﬂow
pressure drop of slug ﬂow contains large spikes that repeat with long time intervals.
Each spike of the pressure drop proﬁle represents the formation of a slug in the gas
channel. As the slug forms, the channel cross section decreases and the pressure drop
increases until the pressure can provide enough force to remove the slug from the
channel. Increasing the air ﬂow rate to ﬁlm ﬂow and ultimately mist ﬂow makes the
pressure drop spikes shorter. The minimal oscillation of the pressure drop proﬁle can
be observed in mist ﬂow. This is due to the large gas to liquid ratio that makes
the mist ﬂow behave similarly to single-phase ﬂow. Similar pressure drop proﬁles for
these two-phase ﬂow patterns have been reported in other studies (6, 18).
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(a) (b)
(c)
Figure 5.4: The two-phase ﬂow pressure drop signature reported by Grimm et al.
(7): (a) spikes in pressure drop signature due to slug formation for water ﬂow rate of
0.1mmin−1 and air ﬂow rate of 330 sccm, (b) ﬂuctuation in pressure drop due to ﬁlm
ﬂow for water ﬂow rate of 0.04mmin−1 and air ﬂow rate of 1981 sccm, (c) pressure
drop signature for mist ﬂow for water ﬂow rate of 0.02mmin−1 and air ﬂow rate of
2311 sccm.
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5.5.2 Two-phase ﬂow pressure drop and cell performance
The pressure drop can be considered as a diagnostic tool that describes the amount
of accumulated liquid water within the gas channel. Liquid water can accumulate
inside the gas channel when the water production rate is greater than the water
removal rate. The accumulated liquid water blocks the transport of the reactants
and consequently lowers the performance of the cell. The accumulated water in the
gas channel also causes a pressure drop by resisting the gas ﬂow. Liu et al. (8) used
a transparent cell and studied the water ﬂooding in gas channels by simultaneously
monitoring the cell performance and the cathode and anode pressure drop, as shown
in Figure 5. It can be observed from the ﬁgure that the cell performance degradation
is accompanied by an increase in the cathode pressure drop. This observation has
been reported to be an indication of the liquid water accumulating within the gas
channels. Another remarkable observation of this study is the higher pressure drop of
the cathode compared to the anode. The amount of water produced in the cathode is
much greater than the water accumulated in the anode, either by water condensation
in the humidiﬁed anode gas or back diﬀusion of water from the cathode to the anode.
Dillet et al. (192) performed an in-situ test and measured the pressure drop and
cell voltage in a single channel segmented fuel cell. They were able to deﬁne the
channel clogging and unclogging sequences by analyzing the simultaneous records of
the pressure drop and the cell voltage.
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Figure 5.5: Cell performance and the cathode and anode pressure drop reported by
Liu et al. (8) Parallel gas ﬂow ﬁeld fuel cell operating at 25◦C and 69.6mmin−1
oxygen ﬂow rate and 139.3mmin−1 hydrogen ﬂow rate.
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5.5.3 Eﬀect of ﬂow ﬁeld geometry on the two-phase ﬂow pres-
sure drop
Flow ﬁeld geometry has been known to have a signiﬁcant impact on the mass transport
of the reactants and products, as well as the pressure drop between the inlet and
the outlet of the ﬂow channels (9). An appropriate ﬂow channel design has been
mentioned to be the most successful strategy in addressing water ﬂooding issues (68).
Flow ﬁeld geometry also impacts the current distribution and the cell performance
(199). A comprehensive review of the ﬂow ﬁeld design has been done by Li and Sabir
(199). The common ﬂow ﬁeld designs for PEM fuel cells include parallel channels,
serpentine ﬂow ﬁeld, and interdigitated ﬂow ﬁeld (200–202). In a parallel ﬂow ﬁeld,
straight parallel channels connect the inlet and outlet headers. Parallel ﬂow ﬁelds may
suﬀer from unequal liquid water distributions within the channels. In this situation,
the low pressure drop cannot remove water slug from the gas channels (200, 201). This
can lead to ﬂow mal-distribution that will ultimately cause reactant starvation in some
channels and excess reactants in other channels. The serpentine ﬂow ﬁeld is made of
one or more long channels that pass through the whole bipolar plate via several bends.
These bends cause a relatively high pressure drop that can facilitate water removal
from the channels. Despite parallel and serpentine ﬂow channels that connect the inlet
header to the outlet header, an interdigitated ﬂow ﬁeld design includes channels that
are connected into either inlet or outlet headers. In this type of ﬂow ﬁeld, reactants
penetrate into the porous GDL and permeate through to reach the outlet channels.
This induces a large pressure drop which facilitates water removal from the porous
GDL. Although the improved water removal in an interdigitated ﬂow ﬁeld makes it an
ideal type of ﬂow ﬁeld for high current densities, its high pressure drop characteristic
results in an increased parasitic power within the system.
121
Spernjak et al. (193) studied the eﬀect of the ﬂow ﬁeld design on the cell performance
and the two-phase ﬂow pressure drop in anode and cathode. While the serpentine
ﬂow ﬁeld was reported to result in a higher limiting current density compared to a
parallel and interdigitated ﬂow ﬁeld, it has been argued that serpentine ﬂow ﬁeld
conﬁguration exhibits a substantially higher pressure drop compared to parallel and
interdigitated ﬂow ﬁelds. Similar results have been reported by Taccani and Zuliani
(197) as they studied the eﬀect of the ﬂow ﬁeld geometry on the overall performance
of polybenzimidazole PEM fuel cells working at a higher temperature range (120◦C−
180◦C).
Hsieh et al. (9) measured the pressure drop of PEM fuel cells with four diﬀerent ﬂow
ﬁelds. The pressure drops have been measured in interdigitated, serpentine, parallel,
and mesh ﬂow ﬁelds with an active area of 22.5 mm × 22.5 mm when each cell was
operating with 60sccm air ﬂow rate. Figure 6 shows the pressure drop they measured
during 180min operation of the cell. The ﬁgure shows that the maximum pressure
drop occurs in the cell with an interdigitated ﬂow ﬁeld and the minimum pressure
drop occurs in the mesh ﬂow channel. The ﬁgure also shows that the pressure drop
of the serpentine ﬂow ﬁeld is higher than the pressure drop of the parallel ﬂow ﬁeld.
Other than the ﬂow ﬁeld design, channel geometry also impacts the performance of
the cell as well as the liquid water transport mechanism. Owejan et al. (90) used
neutron radiography to acquire liquid water distribution in operating fuel cells with
diﬀerent cross-sectional geometries. They used triangular and rectangular channels
with the same cross-sectional areas and noticed that triangular channels retain less
water compared to rectangular channels. The eﬀects of the gas channel length, width,
depth, and rib size on the two-phase ﬂow pressure drop have also been the subject of
several studies (10, 12, 198).
Akhtar et al. (10) studied the minimum pressure drop required to remove a conden-
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Figure 5.6: Pressure drop measured in diﬀerent ﬂow ﬁelds reported by Hsieh et al.
(9)
sate from gas channels with diﬀerent cross-sectional geometries, as shown in Figure 7.
They found that the minimum pressure drop that can transport the droplet depends
on the normalized droplet volume. The normalized droplet volume was deﬁned as
the channel ﬁlling droplet of 1mm in length. For small droplets with normalized vol-
ume less than 1, the pressure drop was observed to decrease as the normalized water
droplet volume increased, as shown in Figure 8. The ﬁgure suggests that a small
amount of liquid water (normalized volume of less than 1) can be eﬃciently removed
in a wide channel (R1 and R3). For larger drops with a normalized droplet volume
of greater than 1 (not shown), it was reported that the pressure drop remains nearly
constant for diﬀerent normalized volumes and for each cross section. However, the
minimum pressure drop required to remove drops was reported to be maximum for
cross section R4 and minimal for cross section R1.
Lu et al. (12) studied the eﬀect of channel cross-sectional geometry on the two-phase
ﬂow properties in parallel gas channels. They tested three diﬀerent cross-sectional
geometries, rectangular, sinusoidal, and trapezoidal and observed that the sinusoidal
channel causes the lowest two-phase ﬂow frictional multiplier, φ2g. They also compared
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(a) (b) (c) (d) (e)
Figure 5.7: Cross-sectional geometries of the gas channels that were considered by
Akhtar et al. (10) (a) R1, 1mm×1mm, (b) R2, 0.5mm×1mm, (c) R3, 1mm×0.5mm,
(d) R5, 0.5mm× 0.5mm, and (e) V1, 0.5mm and 53◦
Figure 5.8: Minimum pressure drop required for drop removal reported by Akhtar et
al. (10)
ﬂow images for diﬀerent channel geometries and noticed that the ﬂow pattern in the
sinusoidal channel is characterized by multiple small slugs rather than fewer long slugs
as can be observed in rectangular and trapezoidal channels. Moreover, a more uniform
water distribution was reported within sinusoidal channels compared to rectangular
and trapezoidal channels.
The other geometrical parameter that also impacts the pressure drop is the channel
length. Bachman et al. (198) measured the cell output and the pressure drop of
parallel ﬂow channels with diﬀerent lengths of 5cm, 15cm, and 25cm. It has been
reported that although longer channels suﬀer from a higher pressure drop, they can
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improve the performance of the cell. The cell with a 5cm gas channel exhibited an
erratic and unstable performance, while the cell with a 25cm gas channel had a stable
output. The unsteady and high accumulation of water within the 5cm channel has
been mentioned to be the main reason of its low and unstable performance.
Channel corner angle can also impact water transport within the gas channel. Ac-
cording to Concus-Finn criteria, if the droplet static contact angle, θ, be smaller than
π/2 − α, where α is the half-angle of the channel cross-sectional corner, liquid wa-
ter can wick into the channel corner and transport along the corner within the gas
channel. Rath and Kandlikar (203) utilized the Concus-Finn condition to determine
the corner angle at which a water droplet can ﬁll the corner. The corner is made of
2 surfaces, the GDL and the surface channel, each with diﬀerent surface energies. It
has been reported that the GDL corners do not ﬁll when the corner angle is less than
52◦.
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5.5.4 Eﬀect of gas stoichiometry on the two-phase ﬂow pres-
sure drop
The stoichiometry ratio describes the ratio of the supplied reactant ﬂow to the re-
actant consumption rate. The concentration loss caused by water ﬂooding can be
avoided, in part, by increasing the stoichiometric ratio. Flow stoichiometry can also
convectively remove water from the gas channel (17). While a high stoichiometry may
be helpful in increasing the mass transport rate of reactants and avoiding the ﬂood-
ing, an excess stoichiometry, on the other hand, can cause some major disadvantages.
Some common problems caused by high stoichiometries are membrane dehydration
and decreased reactant utilization (32, 204). Ous and Arcoumanis (205) studied the
eﬀect of diﬀerent air and hydrogen stoichiometries on the accumulation of water in
the cathode and anode of a transparent PEM fuel cell. It has been reported that
an increased air stoichiometry is capable of removing all of the liquid water from the
cathode channels without causing membrane dehydration. However, elevated hydro-
gen stoichiometries were mentioned to be incapable of removing liquid water from
inside the cell.
Lu et. al. (6) studied the two-phase ﬂow in PEM fuel cell parallel ﬂow channels
for diﬀerent air stoichiometries and noticed that air stoichiometries of less than 5
typically yield slug ﬂow with large pressure drop ﬂuctuation. Higher stoichiometries
were reported to cause ﬁlm ﬂow with water ﬁlm forming on hydrophilic channels.
The pressure proﬁle of ﬁlm ﬂow was characterized by smaller but more frequent
ﬂuctuations compared to slug ﬂow. Further increase in the stoichiometry ratio was
reported to result in mist ﬂow with less water being accumulated within the ﬂow
channels and therefore minimal pressure oscillation.
Anderson et al. (11) studied the eﬀect of the ﬂow stoichiometry on the two-phase ﬂow
126
pressure drop in a non-operating PEM fuel cell. Figure 9 shows the pressure drop they
measured for diﬀerent stoichiometries and for ascending and descending approaches.
Ascending describes an increasing gas ﬂow rate and descending describes a decreasing
gas ﬂow rate. Further discussion of the diﬀerences between ascending and descending
results is given in section 5.5.8 where pressure drop hysteresis is reviewed. Figure
9 shows that increasing the stoichiometry ratio increases the pressure drop for each
simulated current density. This originates from the pressure drop being proportional
to the gas ﬂow rate. A Similar trend in pressure drop has been reported by Lin and
Nguyen (32) as they studied water ﬂooding in PEM fuel cells for diﬀerent GDLs and
at diﬀerent stoichiometries.
Figure 5.9: Eﬀect of the gas stoichiometry on the pressure drop reported by Anderson
et al. (11)
Hussaini and Wang (13) calculated the two-phase ﬂow frictional multiplier, φ, for
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diﬀerent ﬂow stoichiometries and noticed that increasing the ﬂow stoichiometry de-
creases the two-phase ﬂow frictional multiplier. This can be interpreted as more water
being removed from inside the gas channel as the stoichiometry increases.
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5.5.5 Eﬀect of wettability on the two-phase ﬂow pressure drop
Liquid water behavior on a solid surface is characterized by the surface wettability.
While water spreads on hydrophilic surfaces, which are deﬁned as the surfaces with
contact angles less than 90◦, it beads up on hydrophobic surfaces that make con-
tact angles of greater than 90◦. Surface wettability also aﬀects the water transport
mechanism. For a hydrophilic channel with the Concus-Finn condition being satisﬁed
(179), liquid water wicks into the corner and drains via capillary ﬂow. However, for a
hydrophobic channel, water pins on the surface and forms slugs. A similar behavior of
water droplets can be observed on the GDL surface. A water droplet can be detached
from the GDL surface only if the shear gas ﬂow can provide the required drag force to
exceed the surface adhesion force (5). The drag force applied on the droplet from the
core gas ﬂow depends on the projected area of the droplet and consequently depends
on the droplet contact angle on the surface of the GDL.
Lu et al. (12) studied the eﬀect of channel surface wettability on the two-phase ﬂow
in parallel gas channels. Figure 10 shows the two phase ﬂow frictional multiplier,
φ2g, at diﬀerent superﬁcial liquid and gas velocities. The ﬁgure shows a lower φ2g
for a hydrophilic channel with lower water ﬂow rate (left plot) and a higher φ2g for a
hydrophilic channel with higher water ﬂow rate (right plot). The former was explained
by the more uniform distribution of water within the gas channel, and the latter
was explained by water ﬁlm ﬂow as the consequence of the Concus-Finn condition
being met. Finally they concluded that although hydrophilic channels can cause
certain water accumulation within the ﬂow channels, they are still the superior channel
surface treatment in terms of ﬂow distribution compared to uncoated and hydrophobic
channels.
GDL wettability has been reported to impact water condensation at low current den-
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(a) (b)
Figure 5.10: Eﬀect of channel wall surface energy on the two-phase ﬂow frictional
multiplier reported by Lu et al. (12). (a) jf = 3.0× 10−4m/s, (b) jf = 7.5× 10−4m/s.
The horizontal axis, UG, is the superﬁcial gas velocity.
sities. Ge and Wang (79) studied liquid water formation and transport in PEM fuel
cells with hydrophobic and untreated GDL by comparing the pressure drop and the
performance of the cell running at 0.2A cm−2. It has been reported that for a hy-
drophobic GDL, water is more prone to condense on the surface of the channel rather
than inside the hydrophobic pores of the GDL. The accumulation of the condensed
water on the surface of the hydrophobic GDL causes channel ﬂooding with the anode
pressure drop being increased. Channel ﬂooding has reported to be eliminated by
replacing the hydrophobic GDL with an untreated one. In contrast to the anode
pressure drop for hydrophobic GDL, where the pressure continuously increased, the
anode pressure drop for untreated GDL was reported to remain almost constant. This
suggests a sharp diﬀerence between the water distribution at a low current density in
the anode with hydrophobic GDL versus the anode with untreated GDL.
While Lu et al. (12) and Ge and Wang (79) reported that the surface characteristics
of the GDL and channel walls can impact the pressure drop, Grimm et al. (7) has
discussed that the channel surface characteristic does not aﬀect the two-phase ﬂow
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pressure drop in PEM fuel cell ﬂow channels. They studied the two-phase ﬂow in
the gas channels of a PEM fuel cell in an ex-situ setup that included GDL as one of
the sidewalls. They used three channel treatments of hydrophobic, hydrophilic, and
untreated, with contact angles of 116◦, 11◦, and 86◦, respectively, and recorded the
pressure drop along the ﬂow channels. The eﬀect of channel surface energy on the
pressure drop was mentioned to be negligible in their studies.
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5.5.6 Eﬀect of temperature on the two-phase ﬂow pressure
drop
One of the most important parameters that can signiﬁcantly aﬀect the water content
within the PEM fuel cell ﬂow channels is the temperature of the cell. The neutron
imaging studies conducted by Hickner et al. (206), and Owejan et al. (207) and direct
visualization experiments performed by Liu et al. (208) report that the water content
in PEM fuel cell ﬂow channels decreases as the temperature of the cell increases. An
increased temperature has been reported to decrease the condensation of liquid water
(208) and increase the convective water removal capacity of the gases supplied within
the ﬂow channels (17). Although an elevated cell temperature enhances the kinetics
of the electrochemical reaction, which results in more water being produced during
the operation of the cell, the enhanced water removal capacity of the reactant has a
more dominant impact on water balance within the cell (208).
Ous and Arcoumanis (205) studied the accumulation of liquid water in serpentine ﬂow
channels of a transparent PEM fuel cell working at diﬀerent temperatures between
30◦C and 60◦C. They noticed that a cell temperature of 60◦C is capable of evaporating
all of the liquid water in the channels and enhancing the performance of the cell. The
images taken from ﬂow channels showed that the amount of liquid water decreased
as the temperature was increased. A temperature of 60◦C was mentioned to result
in minimal water content within the cell and an improved performance of the cell.
However, an elevated cell temperature may not always be desirable as it may cause
membrane dehydration during the operation of the cell (209, 210).
Liu et al. (8) studied the eﬀect of temperature on the liquid water accumulation
and two-phase ﬂow pressure drop in an operating cell. They ran a transparent PEM
fuel cell at temperatures between 25◦C and 75◦C and observed that the amount of
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liquid water within parallel ﬂow channels decreases by increasing the temperature.
The two-phase ﬂow pressure drop measurements in their study, as shown in Figure
11, revealed that while the two-phase ﬂow pressure drop in the cathode decreases
in elevated temperatures, the anode pressure drop shows no sign of variation. The
latter has been justiﬁed by increased evaporation of the accumulated water while the
former was explained based on the few amount of accumulated water within anode
ﬂow channels.
Figure 5.11: Eﬀect of temperature on two-phase ﬂow pressure drop reported by Liu
et al. (8)
Yan et al. (211) measured the two-phase ﬂow pressure drop in anode and cathode
of a PEM fuel cell with a serpentine ﬂow ﬁeld that operated at diﬀerent cell and
humidiﬁcation temperatures. It has been reported that for a constant cell tempera-
ture, increasing the cathode and/or anode humidiﬁcation temperature increases the
two-phase ﬂow pressure drop in both electrode ﬂow channels. Increasing the humid-
iﬁcation temperature increases the water vapor in the reactants, and therefore, more
water vapor will enter the cell ﬂow channel to be condensed. Similar to the ﬁndings
presented by Liu et al. (8), the variation of the cathode pressure drop was more
dominant compared to the variation of the anode pressure drop.
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Anderson et al. (17) studied the two-phase ﬂow pressure drop in an operating PEM
fuel cell at diﬀerent temperatures by calculating the two-phase ﬂow multiplier for
ascending and descending gas supply. They reported that temperature has negligible
impact on the two-phase ﬂow frictional multiplier in the ascending approach. How-
ever, the two-phase ﬂow multiplier was mentioned to be decreasing as the temperature
was increased in the descending approach. Such observations have been explained by
the amount of liquid water that accumulates in the gas channel in ascending and
descending approaches. Because water accumulation is not signiﬁcant in the ascend-
ing approach, increasing the temperature impacts the water content within the ﬂow
channels and therefore the frictional multiplier does not change with the temperature.
However, the considerable amount of liquid water accumulated in the descending ap-
proach can evaporate at higher temperatures and therefore the frictional multiplier
decreases as the temperature increases.
The temperature of the cell and the reactant temperature determine the relative hu-
midity of the anode and cathode ﬂow channels. Convective water removal from ﬂow
channels depends on the relative humidity. A reactant ﬂow with a low relative humid-
ity has more capability to remove liquid water via evaporation. Cathode ﬂooding can
be partially mitigated at lower relative humidities with an improved cell performance
(56, 212, 213).
The eﬀect of relative humidity on the cathode pressure drop has been studied by
Hussaini and Wang (13) with the results shown in Figure 12. The general trend
suggests that the frictional multiplier increases with the relative humidity. This is
because of the reduced evaporation rate of the water produced at higher relative
humidities. It can also be observed that the eﬀect of the relative humidity on the
pressure drop becomes more signiﬁcant at lower current densities. For instance for
26% relative humidity, 0.2A cm−2 current density, and ﬂow stoichiometry of 4, the
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frictional multiplier is 1. However, the frictional multiplier increases up to 3.5 for the
same ﬂow stoichiometry but for 66% relative humidity. This large variation in the
frictional multiplier is because of the low air ﬂow rate at a low current density which
is not capable of removing the condensates either by convective evaporation or inertia
eﬀects.
Figure 5.12: Eﬀect of the relative humidity on the two-phase ﬂow frictional multiplier
reported by Hussaini and Wang (13)
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5.5.7 Eﬀect of MPL on the two-phase ﬂow pressure drop
The micro-porous layer (MPL) that covers the surface of the GDL has a signiﬁcant
impact on transport phenomena in GDL-MPL assembly (214). MPL is typically
carbon powder-bound with a hydrophobic agent such as PTFE and has diﬀerent mi-
crostructural properties compared to GDL (41, 214). The smallest length scale of
MPL compared to other PEM fuel cell components suggests that MPL has a signif-
icant impact on the mass transport overpotentials (215, 216). Diﬀerent hypotheses
have been proposed to describe the role of MPL on the water transport within the
cell. Some studies argue that coating a GDL with an MPL facilitates water transport
from the catalyst layer to the GDL because of the pore size gradient (35, 61, 62).
Some studies report that cathode MPL enhances the back diﬀusion of water from the
cathode to anode (27, 32, 63) and others conclude that the MPL has no impact on
the back diﬀusion of water (64–67).
Blanco et al. (14) studied the eﬀect of MPL in the cathode GDL on the pressure drop
measured in the anode and cathode of an operating PEM fuel cell. They measured the
two phase ﬂow pressure drop for the anode and cathode when the cell was operating
at 25% and 100% relative humidities. Separate experiments were run for the cathode
GDL with and without MPL. Figure 13 shows the variation of cathode and anode
pressure drops at diﬀerent current densities. It can be observed that for current den-
sities above 1000mA cm−2, the cathode pressure drop of GDL without MPL (25BA)
is greater than the cathode pressure drop for a GDL with MPL (25BC). This has
been attributed to a lower amount of accumulated water in the cathode ﬂow chan-
nels when MPL was used. In contrast to the cathode in which a GDL without MPL
resulted in a higher pressure drop, a GDL without MPL in the anode was observed
to cause a lower pressure drop. Such observations can be considered the support of
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the hypothesis suggesting that MPL impacts water crossover from the cathode to the
anode.
(a) (b)
Figure 5.13: Eﬀect of MPL on the (a) cathode and (b) anode pressure drop reported
by Blanco et al. (14). 25BA refers to SGL 25BA (GDL without MPL) and 25BC
refers to SGL 25BC (GDL with MPL).
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5.5.8 Hysteresis eﬀects in two-phase ﬂow pressure drop
The two-phase ﬂow pressure drop in PEM fuel cell ﬂow channels can exhibit diﬀerent
values when the current density is increasing and then decreasing. This is referred to
as pressure drop hysteresis and has been extensively studied by Wilkinson’s research
group (11, 15–18, 120, 191). They have studied the eﬀects of diﬀerent parameters
on the two-phase ﬂow pressure drop hysteresis by conducting both in-situ and ex-
situ experiments. The parameters they studied include channel outlet conﬁguration
(vertical or straight-through) (15), the initial water balance condition in the gas
channel (11, 15), channel inclination angle (16), ﬂow stoichiometry (11, 17, 191),
GDL characteristics (11, 191), temperature (17, 191) and inclusion of microporous
layer (17).
Although, as a general trend, the pressure drop increases with the superﬁcial gas
velocity, it has been reported that the two-phase pressure drop in PEM fuel cell
gas channels does not monotonically increase with superﬁcial gas velocity (15, 16).
Instead, the variation of pressure drop based on the gas ﬂow rate exhibits a negative
slope for a limited range of gas ﬂow rates, as shown in Figure 14. Such negative
slope is reported to correspond to a two-phase ﬂow pattern change from non-uniform
distribution to uniform distribution. The pressure drop hysteresis shown in Figure
14 corresponds to both the vertical and horizontal outlet conﬁgurations. The exit is
vertical when it is perpendicular to the ﬂow channel.
Figure 14 shows the pressure drop decreases at superﬁcial gas velocities between
0.2m s−1 to 1.4m s−1 for vertical outlet conﬁguration. Further increase in gas ﬂow
rate results in a pressure drop increase and the ﬂow pattern shifts to an even ﬂow
distribution. The descending approach shows a lower pressure drop trajectory than
the ascending approach. The descending pressure drop trajectory merges with as-
138
cending pressure drop trajectory at a superﬁcial gas velocity of 2m s−1. The ﬁgure
exhibits a narrower pressure drop hysteresis region for a setup with a straight exit.
Furthermore, the negative slope of the pressure drop, which has been known as a sign
of transition from non-uniform ﬂow into uniform ﬂow, occurs at a lower pressure for
the channel with a straight exit.
The hysteresis region is reported to shrink by increasing the superﬁcial liquid velocity
(15, 16). However, the transition pressure drop, deﬁned as the pressure drop at
which the ﬂow pattern changes from non-uniform to uniform distribution, remains
unchanged for diﬀerent superﬁcial liquid velocities (15, 16).
Figure 5.14: Pressure drop hysteresis at jf = 0.0033ms−1 reported by Zhang et al.
(15)
Zhang et al. (16) studied the eﬀect of channel inclination angle on the two-phase
ﬂow pressure drop hysteresis and observed that the pressure drop increases with
the inclination angle, as shown in Figure 15. They tested both positive (upward)
and negative (downward) angles and noticed that the pressure drop shows hysteresis
eﬀects for upward channels while the hysteresis disappears in downward channels.
In section 5.5.4, the eﬀect of ﬂow stoichiometry on two-phase pressure drop was dis-
cussed. The ﬂow stoichiometry also aﬀects the hysteresis zone (11, 17). As shown in
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Figure 5.15: Eﬀect of the channel inclination angle, β, on the two-phase ﬂow pressure
drop hysteresis reported by Zhang et al. (16)
Figure 9, increasing the stoichiometry narrows the hysteresis region of the pressure
drop. The hysteresis region is large for low stoichiometries of 1 to 4. This is because
the low gas ﬂow is not capable of removing accumulated water, and therefore, there is
a signiﬁcant diﬀerence in the amount of water within the gas channel in ascending and
descending approaches. The hysteresis seems to disappear for the ﬂow stoichiometry
of 5 in Figure 9. The stoichiometry ratio of 5 is high enough to remove the accu-
mulated liquid water convectively and leave a comparable ascending and descending
pressure drop.
MPL also seems to impact the pressure drop hysteresis. Ex-situ studies have shown
that the inclusion of an MPL does not aﬀect the descending pressure drop while
it increases the ascending pressure drop (11). It has been argued that the GDL
with MPL reduces the cross-sectional area of the channel, and therefore, the pressure
drop increases. The inclusion of the MPL in GDL is also reported to increase the
simulated current density at which the pressure drop hysteresis initiates (11). The in-
situ studies, however, report no clear eﬀect of the MPL on the pressure drop hysteresis
except for current densities less than 200mA cm−2 (17).
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The other parameter that can aﬀect the pressure drop hysteresis is the initial water
balance in the gas channel. For an initially dry gas channel, the ascending pressure
drop is lower than the descending pressure drop. However, the excess water in an
initially ﬂooded channel causes a higher ascending pressure drop compared to the
descending pressure drop. Also, since some portion of water is removed during the
ascending approach, the descending pressure drop will be lower than the ascending
pressure drop (11).
The eﬀect of the temperature on the pressure drop hysteresis is studied by Anderson
et al. (17, 191), with the results shown in Figure 16. It can be observed from the
ﬁgure that the pressure drop hysteresis decreases as the temperature increases. The
lower pressure drop hysteresis for elevated temperatures originates from an increased
water removal capacity of the supplied gas.
Figure 5.16: Eﬀect of temperature on the pressure drop hysteresis reported by An-
derson et al. (17)
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5.6 Two-phase ﬂow pressure drop models for the ap-
plication of PEM fuel cell
The single phase internal ﬂow is very well understood in terms of predicting the
ﬂow properties such as the pressure drop. The complicated physics behind the two-
phase ﬂow, however, has made it diﬃcult to predict the two-phase ﬂow pressure drop.
While enormous eﬀort has been expended in predicting the two-phase pressure drop
in large scale industrial applications, there are few works focusing on the two-phase
ﬂow pressure drop in minichannels. The two-phase ﬂow in PEM fuel cell minichannels
is also diﬀerent from other industrial applications. This is because of the unique water
production and introduction as well as diﬀerent surface energies of the surrounding
walls in PEM fuel cell ﬂow channels. These add to the complication of taking an
analytical approach to study the subject of the two-phase ﬂow pressure drop in PEM
fuel cell ﬂow channels. In this section, the two-phase ﬂow pressure drop models that
have been proposed for the application of PEM fuel cell will be reviewed.
As one of the early stage studies done on the two-phase ﬂow pressure drop in PEM fuel
cells, English and Kandlikar (20) extended the Mishima and Hibiki model (Equations
5.15 and 5.16) by replacing the turbulent liquid-turbulent gas Chisholm parameter, 21,
with a laminar liquid-laminar gas Chisholm parameter, 5. They proposed a modiﬁed
Chisholm equation that was claimed to result in a better two-phase ﬂow pressure
drop prediction:
C = 5(1− e−0.319Dh) (5.24)
Zhang et al. (120) noticed that the pressure drop predicted by the homogeneous and
separated ﬂow models result in large deviations from the actual pressure drop, espe-
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cially at low mass ﬂuxes of PEM fuel cells. They proposed a ﬂow pattern-dependent
pressure drop model that is capable of predicting the two-phase pressure drop hys-
teresis in parallel channels.
In both of the studies mentioned above, the liquid water is directly introduced into a
gas channel with all walls from the same material. Zhang et al. (18) focused on liquid-
gas two-phase ﬂow in minichannels with GDL as one of the walls. They compared the
measured pressure drop with those predicted by the separated ﬂow model and noticed
a signiﬁcant deviation between the results. This led them to modify the Lockhart-
Martinelli (LM) method by considering a gradually increasing water ﬂow rate along
the gas channel, as shown in Figure 17.
Figure 5.17: Water introduction model considered by Zhang et al. (18)
They assumed that the pressure drop over a small interval follows the LM method.
They deﬁned the Martinelli parameter, χ2, based on the local superﬁcial liquid ve-
locity, jf |x, which has been obtained by modeling the water transport through the
porous GDL based on Darcy’s law.
Px − Px+dx = φ2gΔPgdx = (1 + Cχ+ χ2)xΔPgdx (5.25)
χ2|x = jf |xμf
jgμg
(5.26)
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Substituting Equation 5.26 into Equation 5.25 yields:
dP
dx
= ΔPg(1 + C(
jf |xμf
jgμg
)0.5 +
jf |xμf
jgμg
) (5.27)
The total pressure drop was then obtained by integrating Equation (5.27) from x = 0
to x = L. The integration was performed with the assumption of uniform and non-
uniform liquid water introduction. For uniform water introduction assumption, the
integration of Eq. (5.27) yields:
ΔPTP = ΔPg(1 + 2/3Cχ+ 1/2χ
2) (5.28)
For non-uniform liquid introduction, the integration of Eq. (5.27) yields:
ΔPTP = ΔPg(1 + 1/2Cχ+ 1/3χ
2) (5.29)
Figure 18 compares the experimental results with the predicted pressure drop that
has been calculated based on the model proposed in Ref. (18). The Chisholm pa-
rameter of 1.99 in the ﬁgure was calculated along with Equation (5.16) by using the
square channel size of 1.59mm. The legends referring to Equation (10) and Equation
(11) on the ﬁgure can be replaced with Equation (5.28) and Equation (5.29) of the
current study, respectively. Figure 18 shows an overestimated two-phase pressure
drop presented by the LM method with C = 5 and C = 1.99. Also, diﬀerent assump-
tions of uniform and non-uniform liquid water introduction do not exhibit any major
diﬀerences. Figure 18 shows that the LM approach is not an appropriate method
for predicting the pressure drop for slug ﬂow that corresponds to high φ2. Neverthe-
less, the pressure drop model proposed by Zhang et al. (18) presents an improved
prediction of the two-phase ﬂow pressure drop.
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Figure 5.18: Comparison of the two-phase ﬂow pressure drop model proposed by
Zhang et al. (18) with experimentally measured two-phase ﬂow pressure drop. Line
tagging with Equation (10) corresponds to uniform liquid water introduction which
is given by Equation 5.28 in the current review. Also line tagging with Equation (11)
corresponds to non-uniform liquid water introduction which is given by Equation 5.29
in the current review.
So far, all of the pressure drop models proposed were based on ex-situ observations.
Anderson et al. (17) conducted in-situ experiments and compared the pressure drop
measured with the pressure drop predicted based on the correlation given by Zhang
et al. (18). It was observed that the model proposed in Ref. (18) had a closer
prediction to the actual pressure drop rather than the classical LM method. However,
the proposed model proved to be inferior in expressing all of the water transport
phenomena within an operating PEM fuel cell.
Grimm et al. (7) studied the two-phase ﬂow pressure drop at diﬀerent ﬂow patterns
of slug ﬂow, ﬁlm ﬂow, and mist ﬂow. For slug ﬂow and ﬁlm ﬂow, they proposed two
diﬀerent series of C equations. In one equation, they proposed a modiﬁed C equation
by back calculating the measured pressure drop based on Equation (5.24). Their
proposed C equation is:
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C = A(
1− x
x
)b (5.30)
where A and b are given by:
A = 0.0856(jf)
−1.202 (5.31)
b = 0.004(jf)
−0.526 (5.32)
It was claimed that this correlation yields a mean error of 14%. They also proposed
other series of correlations based on the model developed by Lee and Lee (173) by
weighting each of the terms in the original correlation and adding the liquid-to-air
quality ratio, (1-x)/x. For slug ﬂow they proposed:
C = 1.9087Re−0.405f λ
−0.134ψ−0.421(
1− x
x
)−0.107 (5.33)
For ﬁlm ﬂow they proposed:
C = 0.772Re0.051f λ
0.016ψ−1.716(
1− x
x
)0.034 (5.34)
where λ and ψ are deﬁned by Lee and Lee (173) in Table 5.4.
The mean error reported by these correlations was 14% for slug ﬂow and 4% for ﬁlm
ﬂow. For mist ﬂow, they suggested using the homogeneous ﬂow model proposed by
Dukler (156).
The two-phase ﬂow pressure drop models developed for the application of PEM fuel
cells were reviewed in this section. A comparison between the early studies to those
done recently reveals some improvements in the models proposed. The experimental
setups have been improved and more precise assumptions have been employed for
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analyzing the results. However, the complicated multiphysics behind the two-phase
ﬂow pressure drop seeks further attention in this area. The assumptions need some
corrections to yield models with a better prediction of the two-phase ﬂow. In Section
5.6, the areas that need further attention are introduced.
5.7 Conclusion
Liquid-gas two-phase ﬂow pressure drop with the application of PEM fuel cells is
reviewed in this study. Most of the literature studying the pressure drop in PEM
fuel cells is based on parametric studies. These studies compare the pressure drop
measured at diﬀerent liquid and gas ﬂow rates, channel geometries, ﬂow ﬁeld ge-
ometries, gas stoichiometries, surface energies, temperatures, and relative humidities,
and try to ﬁt the results with models. Pressure drop in PEM fuel cell gas channels
is considered to be a diagnostic tool that describes the amount of liquid water in the
gas channels. By monitoring the pressure drop both in the cathode and anode of an
operating fuel cell, water transport between the two electrodes can also be identiﬁed.
Few studies propose modiﬁed models that predict the two-phase ﬂow pressure drop
in PEM fuel cell gas channels. While in most cases the proposed models are limited
to a modiﬁed Chisholm parameter, there are some studies that go beyond this and
introduce more accurate assumptions to model the unknown parameters. To sum-
marize, the Lockhart-Martinelli (LM) method is an appropriate method to base the
pressure drop prediction of slug ﬂow and ﬁlm ﬂow, while the pressure drop of mist
ﬂow is better predicted with the homogeneous ﬂow model because of the comparable
liquid and gas superﬁcial velocities.
The two-phase ﬂow pressure drop prediction can be improved by enhancing the cur-
rent assumptions or experimental conditions. The pressure drop correlations proposed
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are only applicable over a limited range of working conditions and in most cases are
only valid for the experimental setup used in the study. Also, the proposed models are
based on the experimental results obtained from ex-situ setups with either a single
gas channel or parallel gas channels. However, because the pressure drop strongly
depends on the ﬂow ﬁeld geometry, the variation of pressure drop in common ﬂow
ﬁelds should also be studied. While the pressure drop has been known to depend on
the existence of the GDL in the experimental setup, most of the proposed correlations
are based on the observation of channels without a GDL.
The pressure drop correlations proposed are based on ex-situ experiments. Although
ex-situ approach may be more accurate when studying a particular phenomenon, the
applicability of the ﬁndings to an operating fuel cell is in doubt. The electrochemical
reactions consume the reactants along the gas channel, and therefore, the gas ﬂow
rate diﬀers from the channel inlet to the outlet of an operating cell. Ex-situ setup
also mimics a constant water introduction along the gas channel, while the water pro-
duction rate is not uniform along the gas channel of an operating cell. Furthermore,
water back diﬀusion from the cathode to anode is always ignored in ex-situ studies.
It is of extreme importance to consider all of the multiphysics occurring in an oper-
ating cell when studying the topic of two-phase ﬂow pressure drop. Otherwise, any
incomplete assumption may lead to an inaccurate pressure drop model. For instance,
the assumption of liquid water being removed as the consequence of the pressure
gradient before and after the slug may not be extended to a general scenario. This
is because liquid water may be removed by other mechanisms, such as evaporation
and/or capillary ﬂow along the channel walls. Similarly, the local superﬁcial water
velocity should be determined with a more precise assumption. The water transport
through the porous GDL can be modeled by Darcy’s law, but the assumption of water
being transported at an equal superﬁcial gas velocity does not seem accurate. This
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is because liquid water detachment from the surface of the GDL depends on diﬀerent
parameters such as GDL surface energy and superﬁcial gas velocity. These reﬂect the
need for a more fundamental study of the two-phase ﬂow pressure drop in PEM fuel
cell gas channels.
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Chapter 6
Two-phase ﬂow pressure drop
measurement in PEM fuel cell ﬂow
channels
1
6.1 abstract
Proton exchange membrane (PEM) fuel cells produce power with water and heat
as inevitable byproducts. Accumulated liquid water within gas channel blocks the
reactant ﬂow and cause pressure drop along the gas channel. It is of extreme impor-
tance to accurately predict the liquid and gas two-phase ﬂow pressure drop in PEM
fuel cell ﬂow channels. This pressure drop can be considered as an in-situ diagnostic
tool that reveals information about the amount of liquid water accumulated within
the ﬂow channels. In this paper, the two-phase ﬂow pressure drops are measured in
1The contents of this chapter will be published in ASME 2014 Fuel Cell Science, Engineering &
Technology Proceeding
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ex-situ PEM fuel cell parallel ﬂow channels. The pressure drops were measured for
air mass ﬂuxes of 2.4 − 6.3kg/m2s and water mass ﬂuxes of 0.0071 − 1.28kg/m2s.
These mass ﬂuxes correspond to 2 − 5.33m/s and 7.14 × 10−6 − 0.0012m/s air and
water superﬁcial velocities, respectively. The measured two-phase ﬂow pressure drops
are then compared with diﬀerent two-phase ﬂow pressure drop models. Qualitative
and quantitative comparison between the experimental results and existing models is
provided in this work.
6.2 Experimental setup
An ex-situ experimental setup was designed and fabricated to measure the liquid and
gas two-phase ﬂow pressure drop in two parallel gas channels. Figure 6.1 shows the
photograph and the schematic of the experimental setup used in this study. The
experimental setup includes a test section that holds two rectangular parallel ﬂow
channels, two rotameters to adjust the required air ﬂow rate, two separate syringe
pumps to inject liquid water into the GDL, a diﬀerential pressure transducer, and a
digital data acquisition system. The test section includes two polycarbonate plates,
each with 1/2 inch thickness, an aluminum plate with header and parallel gas channels
machined on, and a GDL to simulate similar surface condition of the gas channel in
PEM fuel cell. Air was supplied to the header of the test section with 1mm and
2.5mm cross-sectional area. The header branches into two parallel gas channels, each
with similar dimensions as the header. Liquid water was injected to the surface of
the GDL in both channels through two capillary tubes with 250μm diameters (U-111,
Upchurch). The capillary tubes were inserted into the polycarbonate plate with their
water injection side aligned with the surface of the GDL. The capillary tubes were
positioned 10mm downstream from the beginning of the gas channel. The two-phase
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ﬂow pressure drops were measured through two pressure taps that had been fabricated
200mm apart from each other. The ﬁrst pressure tap (high pressure) was machined
40mm after the liquid injection port to satisfy a uniform two-phase ﬂow in the pressure
measurement length. Air was supplied into the test section through two diﬀerent
rotameters (Omega, FL_3802C and FL_3804ST) depending on the required air ﬂow
rate. A diﬀerential pressure transducer (Omega, PX653_02D5V) was employed to
measure the two-phase ﬂow pressure drop at a 50Hz sampling frequency. The pressure
range that can be measured via this pressure transducer is from zero to 500Pa. This
high accuracy of pressure measurement is required for the purpose of this study. Toray
carbon paper TGP-060 was used as the GDL sample between the aluminum plate
and the polycarbonate plate. The GDL had not been treated with PTFE.
Table 6.1 lists the test conditions used in this study.
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(a)
(b)
Figure 6.1: Photograph and the schematic of the experimental setup
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Table 6.1: Test conditions used in this study
Air ﬂow rate Superﬁcial air velocity Superﬁcial air Water ﬂow rate Superﬁcial water Superﬁcial water Mass ﬂow
(header) m/min (each channel) m/s Reynolds number (each channel) velocity m/s Reynolds number quality (x)
μ/h
600 2 182 4072 0.000452 0.71 0.84
600 2 182 3480 0.000386 0.61 0.86
600 2 182 2915 0.000323 0.51 0.88
600 2 182 2375 0.000263 0.41 0.90
600 2 182 1859 0.000206 0.32 0.92
600 2 182 1364 0.000151 0.24 0.94
600 2 182 891 9.89× 10−5 0.15 0.96
1000 3.33 303 4858 0.000539 0.85 0.88
1000 3.33 303 3959 0.000439 0.69 0.90
1000 3.33 303 3098 0.000344 0.54 0.92
1000 3.33 303 2274 0.000252 0.40 0.94
1000 3.33 303 1484 0.000164 0.26 0.96
1600 5.33 485 11000 0.001222 1.94 0.838
1600 5.33 485 9500 0.001055 1.67 0.857
1600 5.33 485 8500 0.000944 1.50 0.87
1600 5.33 485 7327 0.000814 1.29 0.885
1600 5.33 485 6297 0.000699 1.11 0.90
1600 5.33 485 4928 0.000547 0.87 0.92
1600 5.33 485 3618 0.000402 0.64 0.94
1600 5.33 485 2380 0.000264 0.42 0.959
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6.3 Results and discussion
To validate the functionality of the experimental setup, the single phase air ﬂow
pressure drop was measured at diﬀerent ﬂow rates. Figure 6.2 compares the experi-
mentally obtained friction factor with Darcy friction factor for laminar ﬂow, f=64/Re.
The compatibility between the experimental friction factor of both channels and the
theoretical friction factor conﬁrms that the setup can be properly used for this study.
Figure 6.2: Comparing the experimental and theoretical friction factor for single
phase air ﬂow.
Figure 6.3 compares diﬀerent models of two-phase ﬂow pressure drop predictions for
the whole range of mass ﬂow quality. Models such as Mishima and Hibiki (Eqn. 5.16),
English and Kandlikar (Eqn. 5.24), Sun and Mishima (167), and homogeneous ﬂow
model of Beattie and Walley (157) are compared in this ﬁgure. The pressure drop
prediction has been done for 1600m/min air ﬂow rate. In general, it can be observed
from the ﬁgure that the Sun and Mishima’s model gives the maximum pressure drop
prediction while the homogeneous ﬂow model of the Beattie and Walley results in
minimum pressure drop predictions. In all of these pressure drop predictions, the
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Fanning friction factor given in Equation 5.10 has been utilized.
In PEM fuel cell application, the range of mass ﬂow quality, x, is between 0.78 to 0.94.
This corresponds to cathode stoichiometry ratios of 1 to 5. It is also assumed that all
of the produced water is in liquid phase. The predicted pressure drop for mass ﬂow
quality between 0.8 and 1 is zoomed in within the inset of this Figure 6.3. It can be
observed that the predicted two-phase ﬂow pressure drop for mass ﬂow quality of 0.9
ranges between 319Pa and 515Pa for Beattie-Walley and Mishima-Hibiki correlations,
respectively.
Figure 6.3: Two-phase ﬂow pressure drop predictions based on diﬀerent models. Air
ﬂow rate was considered to be at 1600m/min.
The two-phase ﬂow pressure drops were measured for diﬀerent air ﬂow rates and
diﬀerent mass qualities, x, according to the experimental conditions listed in Table
6.1. Figure 6.4 compares the experimentally measured two-phase ﬂow pressure drops
at 1600m/min air ﬂow rate with pressure drop calculated based on diﬀerent models.
Each data point is the time averaged over 60s. The error bars also represent the
standard deviation of each pressure proﬁle. The range of the mass ﬂow quality, x, is
chosen to be in the range of PEM fuel cell operation condition. It can be concluded
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Figure 6.4: Comparison of experimental two-phase ﬂow pressure drop with models
for diﬀerent mass ﬂuxes at 1600ml/min air ﬂow rate.
that while the English and Kandlikar’s model (Eqn. 5.24) underestimates the two-
phase ﬂow pressure drop, it still gives the most accurate pressure drop prediction
compared to other models. The green dashed line on this ﬁgure shows the upper
10% margin of this model. It can be observed that for 1600m/min air ﬂow rate, the
pressure drop measured for most of the mass ﬂow qualities fall within 10% of English
and Kandlikar’s model.
The two-phase ﬂow pressure drop for diﬀerent air ﬂow rates have also been measured
in this study. Figure 6.5 shows the two-phase ﬂow pressure drops for 600m/min,
1000m/min and 1600m/min air ﬂow rates. Each data point is the time average
of the pressure drop over 60s. The error bars show the standard deviation of the
pressure drop proﬁle. The solid line in this ﬁgure shows the pressure drop prediction
based on English and Kandlikar’s model. The dashed lines in the ﬁgure show the
lower and upper 10% margin of this model. The pressure drop results of 1600m/min
air ﬂow rate have been discussed in Figure 6.4. Figure 6.5 shows that while the
English model can properly predict the two-phase ﬂow pressure drop for high air ﬂow
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rate (1600ml/min), its accuracy deteriorates as the air ﬂow rate decreases. While
the majority of pressure drop data points for 1600m/min air ﬂow rate fall within
10% of the English model, no data point for 1000m/min air ﬂow rate falls within
this range. However, the pressure drop for this air ﬂow rate is still close to the
pressure drop predicted by English and Kandlikar’s model. For the lowest air ﬂow
rate considered in this study (600m/min) the diﬀerence between the experimentally
measured pressure drop and the predicted pressure drop by English and Kandlikar’s
model becomes signiﬁcant. Figure 6.5 shows that for this air ﬂow rate, the pressure
drop data points are not even close to the 10% range of the English and Kandlikar’s
model. The diﬀerence between experimental and predicted pressure drop becomes
signiﬁcant for lower mass ﬂow qualities. The pressure drop measured for mass ﬂow
quality of 0.84 was 256Pa while the English model predicts 141Pa for this mass ﬂow
quality. This is equivalent to 84% diﬀerence between the experiment and the model.
In general, such discrepancies may be due to the lower air and water ﬂow rates of this
study compared to English and Kandlikar’s work. Table 6.2 compares the range of
the air and water ﬂow rate for Ref.(20) and the current study for the lowest air ﬂow
rate, 600m/min. It can be noticed from the table that the air and water ﬂow rates
corresponding to 600m/min air ﬂow are not within the experimental range of English
and Kandlikar’s work. Therefore it may be concluded that the C equation proposed
by English and Kandlikar can only be valid over a limited range of air and water
ﬂow rates, as considered in Ref. (20). For ﬂow rates lower than Ref.(20) another
correlation might be used.
The two-phase ﬂow pressure drop for 600m/min has been further investigated. Fig-
ure 6.6 compares the experimental data with two diﬀerent models of English and
Kandlikar (Eqn. 5.24) and Mishima and Hibiki (Eqn. 5.16). Mishima and Hibiki’s
model has been chosen for the sake of comparison because it is the original source of
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Table 6.2: Test conditions used in Ref.(20) and the lowest air ﬂow rate in the current
study
English and Current
Kandlikar (20) study (600m/min)
Air mass ﬂux (kg/m2s) 4.03-12 2.368
Water mass ﬂux (kg/m2s) 0.49-21.6 0.0071-0.48
Superﬁcial air velocity (m/s) 3.19-10.06 2
Superﬁcial water velocity (m/s) 0.0005-0.0217 7.14× 10−6 -0.0004
Superﬁcial air Reynolds number 211-654 182
Superﬁcial water Reynolds number 0.56-24.6 0.011-0.76
Figure 6.5: Comparison of experimental two-phase ﬂow pressure drop with English
and Kandlikar’s model at diﬀerent air ﬂow rates.
the English and Kanlikar’s model. This model was also observed to give the maxi-
mum pressure drop prediction compared to other models shown in Figure 6.3. The
dashed lines on Figure 6.6 show the 10% margin of each model. Figure 6.6 shows that
while the Mishima and Hibiki model does a better prediction of the two-phase ﬂow
pressure drop compared to the English and Kandlikar model, it still underestimates
the pressure drop for 600m/min air ﬂow rate.
The two-phase ﬂow pressure drops discussed in this study were the time average of
the pressure proﬁle over 60s. The two-phase ﬂow pressure proﬁle for 1600m/min
air ﬂow rate and at three diﬀerent mass qualities are shown in Figure 6.7. It can be
observed in the general trend of this ﬁgure that as the mass ﬂow quality decreases,
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Figure 6.6: Comparing the English and Kanlikar’s model with Mishima and Hibiki’s
model for 600m/min air ﬂow rate
the two-phase ﬂow pressure drop increases. This is because more liquid water will
enter the gas channel that consequently results in an increased pressure drop. The
mean value of the pressure drop for mass ﬂow qualities of 0.857, 0.9 and 0.959 were
409Pa, 375Pa, and 347Pa, respectively.
Figure 6.7: Two-phase ﬂow pressure drop proﬁles for diﬀerent mass qualities and at
1600ml/min air ﬂow rate.
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6.4 Conclusion
The two-phase ﬂow pressure drop for the application of PEM fuel cell has been stud-
ied in this work. The two-phase ﬂow pressure drops were measured for diﬀerent air
ﬂow rates (600m/min, 1000m/min, and 1600m/min) and diﬀerent mass ﬂow qual-
ities. The measured pressure drops were then compared with diﬀerent two-phase ﬂow
pressure drop models. It has been observed that the two-phase ﬂow pressure drop
for the highest air ﬂow rate, 1600m/min, falls within 10% of the English and Kand-
likar’s model. However, decreasing the air ﬂow rate resulted in an underestimation of
the pressure drop based on this model. The measured pressure drop for 600m/min
and 1000m/min were not within 10% of the English and Kandlikar’s model. The
deviation became even worse for lower mass ﬂow qualities and 600m/min air ﬂow
rate. For this air ﬂow rate, the pressure drop predicted by English and Kandlikar’s
model was up to 84% oﬀ from the measured pressure drop. Instead, the Mishima and
Hibiki’s model was found to give a more accurate pressure drop prediction for the
lowest air ﬂow rate.
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Chapter 7
Two-phase ﬂow pressure drop during
droplet emergence and growth
7.1 Introduction
In this chapter, the pressure drop and the droplet size are monitored simultaneously.
Liquid water was injected into the surface of the GDL in a single gas channel and the
pressure drop before and after the droplet emergence location was measured. Droplet
emergence and growth was also recorded by a high speed camera.
7.2 Experimental Setup
A single gas channel with 2.5mm × 3mm cross section was machined on a 3mm
thick polycarbonate plate and was sandwiched by two other polycarbonate plates
with 12.5mm tickness. Liquid water was injected through a 250μm capillary into
the surface of the GDL. PTFE treated (33wt.%) Toray carbon paper TGP-060 was
used as GDL. The GDL was inserted between the gas channel polycarbonate plate
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and the liquid water injection polycarbonate plate. Six 1/8inch screws tightened the
whole assembly together. A high speed camera (50KD2B2, Mega Speed) was used
to record the images of droplet growth and detachment at 100 frames per second.
Pressure drop before and after the droplet was measured with a high accuracy pressure
transducer (Omega, PX653_0.25D5V) with 62Pa pressure range (0.25 inch water).
The sampling was done at 1000Hz frequency. The pressure measurements were done
along 4cm within the gas channel. Liquid water was injected 1cm from the ﬁrst
pressure tap. Figure 7.1 shows the schematic of the test section used. Air was
supplied with superﬁcial velocities of 5.33m/s, 6m/s, 6.66m/s, 7.22m/s, and 7.77m/s.
Table 7.1 lists the experimental conditions considered in this study.
Figure 7.1: Schematic of test section
Table 7.1: Water ﬂow rate considered in this study
Air ﬂow Superﬁcial air Water ﬂow Superﬁcial water Mass ﬂow
rate (m/min) velocity(m/s) rate (μ/h) velocity (m/s) quality (x)
2400 5.33 1859 6.883×10−5 0.989
2700 6 2200 8.14×10−5 0.9885
3000 6.66 3255 1.205×10−4 0.985
3250 7.22 3255 1.205×10−4 0.986
3500 7.77 1253 4.639×10−5 0.995
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7.3 Result and discussion
7.3.1 Pressure drop and droplet diameter
By injecting liquid water into the gas channel and by supplying air from the inlet,
a two-phase ﬂow forms within the channel. Figure 7.2 shows the pressure drop and
droplet diameter overlaid for two diﬀerent superﬁcial air velocities. The pressure
proﬁle is almost constant at the beginning of the experiment that can be interpreted
as having a single phase ﬂow of air within the gas channel. The single phase air ﬂow
pressure drop shown in Figure 7.2-a is ∼ 19Pa. The pressure drop then increases as
the liquid water is emerged from the surface of the GDL. The pressure drop increases
by the droplet size until the core gas ﬂow can detach the droplet from the surface of
the GDL. The ﬁgure shows a pressure drop equivalent of 22.2Pa upon detachment
of the ﬁrst droplet at 6.66m/s superﬁcial air velocity. The droplet diameter upon
detachment is 1.36mm. Each peak above 22Pa in this ﬁgure represents the droplet
detachment from the surface of the GDL.
The pressure proﬁle shows a change in slope in the pressure at 6.8s. This change in
the pressure proﬁle can also be tracked by a slope change in the diameter. Similar
behavior can be observed at 10.25s on the same ﬁgure. For both cases, the droplet
diameter at this pressure slope change is close to 1mm. It can be concluded that at
some cases, a change in the pressure proﬁle occurs that is accompanied by a change
in the droplet diameter over time.
Figure 7.2-b shows the pressure proﬁle and the droplet diameter for 7.77m/s superﬁ-
cial air velocity. Similar to Figure 7.2-a, the pressure proﬁle shows a change in slope.
However, it should be added that not all pressure spikes show this slope change. The
second and the third spike in Figure 7.2-a, for instance, have a constant slope up to
the droplet detachment at 22.4Pa and 22.2Pa, respectively.
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(a) Superﬁcial air velocity 6.66m/s and x = 0.985
(b) Superﬁcial air velocity 7.77m/s and x = 0.995
Figure 7.2: Pressure proﬁle and droplet diameter
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Another noticeable observation of this ﬁgure suggests that while droplets are detach-
ing at comparable diameter and pressure, the time interval they need to be detached
is not constant. It can be observed from Figure 7.2-b that ﬁrst droplet grows and
detaches at 1s while the third droplet need 2.5s to be detached from the surface of
the GDL.
The eﬀect of superﬁcial air velocity on the pressure proﬁle can be noticed in Figure
7.2. It can be observed that increasing the superﬁcial air velocity from 6.66m/s to
7.77m/s adds to the oscillation in the pressure proﬁle. This increased oscillation due
to higher superﬁcial air velocity can be attributed to further droplet movement during
its growth until detachment.
The pressure slope change can be further studied by analyzing the pressure proﬁles
for all test conditions given in Table 7.1. Figure 7.3 shows the normalized droplet area
at which pressure slope changes. The normalized droplet area is deﬁned as the ratio
of the projected area of the droplet upon detachment to the channel cross-sectional
area:
Normalized droplet area =
Droplet projected area upon detachment
Channel cross-sectional area
(7.1)
For calculating the projected area, droplet static contact angle of 150◦ was considered.
Although the advancing and receding contact angles are diﬀerent upon detachment,
the static contact angle can give a close estimation to the actual projected area of
the droplet.
The general trend of Figure 7.3 shows that the pressure slope change occurs at a
higher normalized droplet area as the air ﬂow rate increases. The pressure slope
change can be attributed to a sudden and signiﬁcant droplet repositioning withing
the gas channel before its detachment. As droplet emerges and grows, it pins to the
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Figure 7.3: Normalized droplet projected area at pressure proﬁle change
emergence location. However, the droplet slightly moves from its emergence location
and that movement causes a change in the pressure proﬁle. Figure 7.4 shows the
images of droplet growth corresponding to the ﬁrst spike in Figure 7.2-a. The ﬁrst
pressure slope change in Figure 7.2-a occurs at 6.82s. For the images shown in Figure
7.4, the droplet shows a maximal movement from 6.71s to 6.82s.
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(a) t = 6.37s (b) t = 6.53s (c) t = 6.71s
(d) t = 6.82s (e) t = 7.01s (f) t = 7.2s
Figure 7.4: Droplet emergence and growth for 6.66m/s superﬁcial air velocity. The images belong to the ﬁrst
pressure spike shown in Figure 7.2a. The red line in the ﬁgure shows the droplet emergence line and the green
cross shows the droplet detachment location. The droplet moves ∼ 1.3mm from the emergence to the detachment
location.
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Based on the pressure drop measurement and the droplet image recorded, the drag
coeﬃcient can be calculated by applying the linear momentum equation. For a non-
deforming and ﬁxed (inertia) control volume, the linear momentum equation is given
as:
∂
∂t
∫
CV
VρdV +
∫
CS
VρV.nˆdA = ΣF (7.2)
When there is no liquid water in the gas ﬂow channel, the pressure drop along the
gas channel is due to the frictional force exerted by the channel wall. Following the
linear momentum equation, this frictional force is simply proportional to the pressure
gradient along the gas channel:
Frictional force = ΔP × Area (7.3)
Any increase in the pressure is due to the emergence and growth of liquid water on
the surface of the GDL. Using the linear momentum equation, the drag force can be
obtained based on the pressure increase:
Drag force+ Frictional force = ΔP × Area (7.4)
The drag force calculated in Equation 7.4 can be used to calculate the drag coeﬃcient:
CD =
2FD
ρV 2Aprojected
(7.5)
where V is the superﬁcial air velocity and Aprojected is the droplet projected area. As
mentioned before, the static contact angle was used to calculate the droplet projected
area. While the dynamic advancing and receding contact angles are diﬀerent from
static contact angle, the diﬀerence they cause in the calculated area can be considered
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negligible.
Figure 7.5 shows the drag coeﬃcient calculated for diﬀerent superﬁcial air velocities.
The red points on the ﬁgure represent the pressure slope change in pressure proﬁle.
The general trend of this ﬁgure show that the drag coeﬃcient decreases over time.
Since droplet grows over time, it can be concluded that the drag coeﬃcient decreases
as droplet grows in size. This is because the droplet projected area increases faster
than the drag force and according to Equation 7.5, the drag coeﬃcient should decrease
to compensate for this change.
Figure 7.5: Drag coeﬃcient and pressure proﬁle change
7.4 Conclusion
Two-phase ﬂow pressure drop for the application of PEM fuel cell has been studied.
The pressure drop during droplet emergence and growth were measured with a high
accuracy pressure transducer. The droplet emergence and growth was also captured
using a high speed camera. The following conclusions can be drawn from this study:
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1. Pressure proﬁle shows a change in slope as droplet grows in size.
2. Pressure slope change occurs at larger droplet size as the air ﬂow rate increases.
3. Increasing the superﬁcial gas velocity was found to add to the oscillation of the
pressure proﬁle.
4. The drag coeﬃcient calculated for diﬀerent superﬁcial air velocities was found
to decrease as the droplet grows in size.
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Chapter 8
Conclusion
In this research, liquid water transport within PEM fuel cell ﬂow channels and through
gas diﬀusion layer were studied by taking an ex-situ approach. Gas diﬀusion layer
microstructural properties were also investigated by analyzing SEM images taken
from the GDL samples.
• Droplet contact angles on Toray carbon papers were measured for PTFE treated
and untreated samples. While PTFE treating of GDLs signiﬁcantly increases
the contact angle compared to untreated GDLs, the amount of PTFE content
within GDL was found to have minimal impact on the contact angle. GDL
microstructural properties such as mean pore diameter and pore diameter dis-
tribution were obtained by analyzing SEM images of GDLs. A mean pore
diameter of ∼ 26μm was obtained for Toray carbon paper used in this research.
The GDL thickness was found to have no particular impact on the GDL mean
pore diameter. Furthermore, the pore diameter distribution plots indicated that
the majority of pores have diameters less than 20μm.
• Liquid water transport through GDL was studied by measuring the break-
through pressure. The liquid water breakthrough pressure was observed to
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increase with GDL thickness. The GDL thickness was found to have a two-fold
impact on the liquid water breakthrough pressure. While the thicker GDL has a
greater number of pores that liquid water needs to pass, it is also more probable
that liquid water passes through smaller pores in thicker GDLs. Furthermore it
was noticed that while applying some amount of PTFE to an untreated GDL in-
creases the breakthrough pressure, the breakthrough pressure slightly varies for
diﬀerent PTFE contents with GDLs. Moreover, the liquid water breakthrough
pressure was found to increase with GDL compression. Another noticeable con-
clusion of this part was the eﬀect of Naﬁon, as a hydrophilic agent, in GDL on
the liquid water breakthrough pressure. It has been observed that while treating
GDLs with Naﬁon increases the droplet contact angle, it decreases the liquid
water breakthrough pressure. Such observation has been justiﬁed by hydropho-
bic characteristic of Naﬁon ﬁlm and hydrophilic behavior of Naﬁon particles as
they absorb water.
• Water transport on GDL surface was studied by measuring the droplet detach-
ment diameter on GDLs with diﬀerent PTFE contents. Air and hydrogen were
supplied within the gas ﬂow channel to resemble cathode and anode working
conditions, respectively. It has been observed that liquid water does not detach
from an untreated GDL surface. However, applying some amount of PTFE to
an untreated GDL results in droplet detachment from the surface of the GDL.
Furthermore, droplet detachment diameter was observed to decrease by increas-
ing PTFE content within the GDL. A detailed discussion about this observation
is provided in the relevant chapter. Moreover, it has been observed that droplet
detachment in anode ﬂow channels requires higher hydrogen superﬁcial veloci-
ties compared to air ﬂowing in the cathode ﬂow channels. This originates from
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hydrogen’s lower density compared to air as the drag force exerted to the droplet
is a function of gas density.
• Water transport in PEM fuel cell ﬂow channels has been characterized by two-
phase ﬂow pressure drop. A comprehensive review has been done on two-phase
ﬂow pressure drop models, in general, and two-phase ﬂow pressure drop cor-
relations developed for the application of PEM fuel cell. The two-phase ﬂow
pressure drop was also measured for diﬀerent air and water ﬂow rates. The
pressure drop data were compared with diﬀerent models. Furthermore, the
two-phase ﬂow pressure drop during droplet formation and growth was mea-
sured. The pressure drop proﬁle and droplet diameter were characterized in
details.
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